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Interaction Time Dependence of Electron Tunneling Processes between an Atom and a Surface
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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 yiHId, of
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 [Boretoal. Phys. Rev. Lett80, 1996
(1998)] on electron transfer on surfaces withlaband gap. In the case &f, 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

Electron tunneling between an atom or molecule andimilar to the jellium case. These differences were found
a surface has been the object of numerous experimentsd augment with atom-surface distance. The wave packet
and theoretical studies because of its importance as an ipropagation treatment shows that this is related to the fact
termediate step in many reactions at surfaces and in prahat for long interaction times an electron from the ion has
cesses of ion desorption or neutralization [1-3]. Resonargnough time to be reflected by the potential in the metal
electron transfer, involving one electron transition betweerand travel back to the ion several times—conditions un-
an atomic level and metal states of the same energy, haker which the “reflectivity” of the metal is fully “sensed”
been quite extensively studied using the example of negdy the electron. This results in a smaller probability of
tive ion formation [4,5]. A number of nonperturbative electron loss from the anion. At short interaction times
theoretical methods describing these processes [6—9] hatlee system behaves as if there was no reflectivity, and the
been recently developed and applied to their description olosses are the same as in the jellium model. For such a
simple metallic surfaces using a jellium model for the surtime dependent electron tunneling procassate equation
face. Excellent agreement between the experimental arapproach is inadequatg.6].

theoretical predictions has been found fidr [10-12] The implications of these findings are profound for,
andF~ [13-15] formation on polycrystalline Mg, Al, Ag, e.g., surface chemistry, which involves low-energy atom/
Al(111), and Ag(110). molecule interactions with surfaces and where changes in

An exciting new development in this field is a recentelectron transfer rates would affect the probability of vari-
work of Borisovet al. [16] who points out that resonant ous reactions where this process occurs. An experimental
charge transfer could be strongly affected by the peculiarstudy of electron transfer for these surface was obviously
ities of the 3D band structure of a monocrystalline targeturgently required in order to investigate this most intrigu-
This theoretical work discussed the modifications whiching and hitherto unknown effect. We therefore studied
would be induced by the existence of tlieband gap H~ and F~ formation on Ag(111). Silver was chosen
along the distance normal to the surface for the Cu(111)since we had previously studied electron transfer on poly-
Ag(111), and Au(111) surfaces [17,18], which would par-crystalline Ag(p-Ag) and Ag(110) for which the results
tially inhibit electron tunneling between the atom and theare in agreement with a jelliumlike treatment [11-15] and
surface. The formation dfi~ ions on a Cu(111) surface hence provided a basis for comparison. The two anions
was studied using a wave packet propagation treatment dehosen present examples of extreme situations with a low
veloped by Ermoshin and Kazansky [19] and it was showr{0.75 eV, H™) and high (3.4 eVF ™) binding energies.
that the widths of théd™ state are smaller than the ones The positions of the affinity levels with respect to the par-
predicted for a jelliumlike surface. A remarkable featureent atoms are shown in Fig. 1. The electronic structure
of these results was that these differences were found to i Ag(111) [18] is depicted in the left panel of Fig. 1.
dependent on the interaction tioéthe atom with the sur- As usual, we relate metal and atomic electron binding
face. Much smaller electron transfer probabilities (lossesgnergies, and hence the vacuum level and parent atomic
from the atom were found fdong interaction timesyhile  state position are taken as the energy zero in Fig. 1. As
for high velocities or short interaction times the resultsmay be seen at large distances the ion level is located in
were similar to the ones obtained for jellium. Thus, forthe band gap for one-dimensional electron motion normal
instance, in the case of@, atom—Cu(111) surface dis- to the surface. For three-dimensional motion, decay can
tance the electron loss probability froth~ was found to  occur in the two-dimensional continuum of the surface
be an order of magnitude smaller than for jellium for astate corresponding to movement parallel to the surface
0.02 a.u. velocity, while for a 0.2 a.u. velocity the result isand the three-dimensional valence band continuum.
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E(eV) H,F using a position sensitive channel plate detector, equipped
i with three discrete anodes [20]. Deflectors allow sepa-
0 s H ration of incoming ions and neutrals, which are then de-

tected simultaneously by the anodes. The detector rotates
around the sample vertical axis, and here the measurements
spanned aOto 70° range. These were made in a continu-
ous beam mode. Some measurements were performed
F with similar detectors set at the end of TOF tubes at fixed
7° and 38 scattering angles. Both continuous beam mode
ion fraction measurements and TOF analysis of the energy
losses of the scattered particles were performed, in order to
correct the ion fractions determined in the continuous beam
Atom-surface distance mode. This correction was found to be unnecessary. Mea-
o) 0 5| surements spanned ion energies in the 0.5 to 6 keV range.
T : We shall first briefly discuss thE~ case. The anion
(®7) fractions are defined as the ratio of the scattered
anion flux to the total flux in a given anglg with respect
FIG. 1. Schematic diagram of the density of states of Ag(111)o the surface plane. Results are shown in Fig. 2(a) for a
and a schematic diagram of the pOSitiOﬂ of the anion Ieve|s500 eV incident energy and Specular scattering. Results

The shift of the anion levels represents an image potential shi ; ;
The left area of the figure shows various states of Ag(111) a ﬁfor Ag(110) are also shown in Fig. 2(a). The general

s . I .
function of k;: the surface (SS) and image (IS) € 1 states). behavior of &~ is similar to that observed earlier on
The gray area represents the valence band continuum. p-Ag and Ag(110) [12-15], although its magnitude was
larger in the latter cases. Given the higher work function
In this Letter we present the main experimental datafor Ag(111) (4.5 eV) than for Al or Ag (4.3 eV), one
which for H™ formation fully confirmthe results of the would expect this. Indeed the affinity level of the atom,
theoretical study. Indeed we found that in grazing scatwhich is downward shifted due to the effect of the image
tering conditions, when the velocity component normal topotential (Fig. 1), can be populated by a transition of an
the surface(v, ) is small and hence the interaction time electron from the occupied states of the valence band of a
with the surface is large, the ion fractions are substanjelliumlike metal, when it lies beneath the Fermi levBl(
tially higher than for jelliumlike surfaces, while for large Fig. 1), for distances smaller than a critical distauge
normal velocities the anion yields tend to follow the trendsThe population of the affinity level will depend on its width
for the jelliumlike p-Ag and Ag(110). These results thus (I, which is interaction timendependenin the jellium
vividly illustrate the time dependent characteristics of thecase) and the time spent in the regions, where capture
electron tunneling process in this case. (Z < ZF) and loss Z > Zr) can occur (the capture or
Our experiments were performed on an apparatus ddess rate is given by'dr). For a higher work function the
scribed elsewhere [20]. lons were produced in a dischargdistance at which the affinity level crosses below the Fermi
source, mass selected, and steered into the main UHMvel Zr becomes smaller (see Fig. 1). Hence the range
chamber (base pressure2 X 10719 Torr). The com- of distances at which capture can occur becomes smaller,
mercial sample Ag(111) was polished €05 um and while that corresponding to losses increases. Therefore
oriented to within 0.5, In situ preparation consisted of &~ should be smaller, as we observe.
Ar* grazing, sputtering, and annealing to 5@ Surface We estimated the value @b~ that would be obtained
cleanliness was initially ascertained by Auger-electrorfor a jelliumlike metal using calculated [15] widths of
spectroscopy, when impurities such as sulfur were firsthe F~ affinity level in a rate equation approach [4,13].
eliminated. A clear low-energy electron diffraction pat- We assumed that capture occurs with unit probability (an
tern was obtained at this stage. Thereafter a time-ofapproximation that is reasonable for small velocities). This
flight (TOF) analysis of scattered and recoiled particlegprocedure, which gives an upper limit for the ion fraction
for Ar* incident ion bombardment was used to check for(unit capture probability), results in good agreement for
the absence of impurities such as H, C, and O [20]. The-Ag [13] and Ag(110) [Fig. 2(a)]. The increase ih~
surface work function ¢) was measured by performing for larger s is due to larger survival at larger, to the
low-energy secondary electron spectroscopy undet Hesurface. The ion fractions calculated for the Ag(111) case
bombardment and monitoring the zero-energy cutoffs irusing a value of 4.5 eV for the clean surface work function
the electron spectra. The cutoff for Ag(111) was com-are shown by the solid line in Fig. 2(a). The calculated
pared to that for Ag(110), whoseé has been given as &~ are slightly larger than the experimental oned (%
4.3 eV [21]. We found thatp = 4.5 eV for Ag(111), in at 3C for Ag(111)]. This is due to the neglect of the
good agreement with published data [22]. so-called parallel velocity effect (see Refs. [11,12,15] for
We report anion formation probabilities or ion frac- details). Excellent agreement is in fact reached when
tion measurements made mainly for specular scatterinthis effect is included, as shown by some preliminary
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- . FIG. 2. (a)F~ ion fractions as a function of the exit angle
1 to the surface for 500 eV incident ions. The final energy
. E varies from 0.5 to 0.46 keV at larger angles. The data for
—~ 10} i Ag(110) [15] are shown for comparison. The solid (dashed)
S ! ] line is the rate equation calculation for Ag(111) [Ag(110)]
g { using the widths for jellium [15] with appropriate work function
g | values. (b)H~ ion fractions for 1 keV incident ions. The
£ E A ] solid circles are data for Ag(111) foH™ incidence. Open
o5l i and solid triangles are data fgr-Ag [12] and Ag(110) [24].
Sl | A ] The solid line is a jellium model calculation of thH™ ion
X fraction [}2_] for Ag (@ = 4.3 eV). (c) The v, dependence
of the H™ ion fraction for a 0.02 a.u. perpendicular velocity.
E A/ The ion energies range from 0.5 to 6 keV. The open and
X . ] solid circles are Ag(111) data fdd~ and H* incidence. The
0.0 ‘ ' — open and solid triangles ane-Ag [12] and Ag(110) [24] data.
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calculations [23]. Thus in the case of fluorine the data card ™ for Ag(111), in agreement with our observation at
be described using the anion widths for jellium and we ddarge angles. The larg&p ~ at small angles (correspond-
not observe any special effects related to the existence dfig to smallv; and hence long interaction times) is in
the gap for these scattering conditions. clear contradiction with this expectation and we attribute
The ion fractions measured for tH&~ case for 1 keV it to a smaller electron loss probability as predicted by
are shown in Fig. 2(b), where they are compared with ouBorisov et al. [16] for surfaces with ard. gap.
previous results fop-Ag [12] and Ag(110) [24]. The At this point it is necessary to mention that surface
line in the figure represent theoretical ion fractions for aroughness can result in larger values ®f since, as
jelliumlike surface [12]. Again, the ion fractions display may be seen from the theoretical result in Fig. 2(®),
the same general trend as a function of the exit angle tocreases very rapidly at small angles. We would indeed
the surface. However, wabserve a larger ion fraction at attribute the larger value ob~ for p-Ag to a rougher
small angles in the case of Ag(111Pn the other hand, surface than for the monocrystalline Ag(110). This leads
at large angles, the ion fraction becomes smaller than fotto the flat region in thep-Ag data at small angles as
p-Ag and Ag(110). Similar results were obtained at the opposed to the drop for Ag(110). In order to check the
other energies. degree of surface roughness we measured the angular
As illustrated in theF~ case, the larger work function scattering profile ofH atoms and compared it to our
of the Ag(111) surface would lead us to expect a smalleearlier results fopp-Ag. We found a FWHM of 3.5for
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Ag(111) while this was &for p-Ag [12], indicating that close to the Fermi level and is located towards the bot-
the Ag(111) surface roughnessiderior to that of p-Ag.  tom of the band gap and close to the surface state. Thus,
The larger value ofp ~ is therefore not due to roughness. even though the normal velocity is quite small for 500 eV
This confirms our attribution of the larger value®f on  F~ ions, the interaction time during which the level lies
Ag(111) to the existence of thie gap. above the Fermi level would be too short. In this context,
The other important feature is the above-mentioned facivork on higher work function Cu(111) or Au(111) sur-
that ®~ is smaller at large angles, i.e., for larger normalfaces might be useful. It should, however, also be borne
velocities and shorter interaction times, that foAg and  in mind that the2p-electron nature of th& ™ problem
Ag(110). In the jellium case this is consistent with theand, in particular, the existence of = 0 andm = *=1
larger work function. For short interaction times the lossestates (pointing towards and along the surface) render the
thus tend to follow the trend for the jellium cas€he over-  situation more complex. For the jellium case the widths
all behavior of the ion fraction thus illustrates the time of these states [15,25] are different and it is not clear
dependent characteristics of the electron transfer probaa priori if they would be affected in a similar manner by
bilities and gives a vivid illustration of the predictions of the existence of the gap. Further theoretical work on such,
the theory of Borisov et al. [16]. very common,p-electron anions should be undertaken,
As shown in previous experiments [11,12,” forma- and we hope this paper will stimulate such investigations.
tion on metal surfaces is strongly aided by fast move- The authors are grateful to A.G. Borisov, A.K.
ment parallel to the surface. For this low binding Kazanskii, and J-P. Gauyacq for comments.
energy system, the addition of velocities{, + vrermi,
see Refs. [11,12] for details) helps in matching, or bring-
ing into resonance, the energies of the electrons in the
solid with the affinity level. Borisowt al.[16] pointed *Corresponding author.
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