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Negative-lon Enhancements in Electron-Stimulated Desorption o€ F,Cl, Coadsorbed
with Nonpolar and Polar Gases on Ru(0001)
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Electron-stimulated desorption df~ and CI from submonolayer GfEl,-covered Ru(0001) is
strongly affected by coadsorption of polar moleculés,@ and NH;) and nonpolar rare-gas atoms
(Xe, Kr, and Ar). Giant anionic enhancements (up 1@’-10*) are observed for polar molecules,
which are several orders of magnitude higher than by nonpolar atoms. The giant enhancements are
attributed to enhanced dissociation of Ch by attachment of self-trapped electrons in polar molecules.
[S0031-9007(99)09120-6]

PACS numbers: 79.20.La, 34.80.Ht, 31.50.+w, 71.35.Gg

The study of chlorofluorocarbons (CFCs) is a subject In this Letter, we report the effect of coadsorbed polar
of widespread interest. Because of industrial activitiesmolecules H,O and NH) and nonpolar rare-gas atoms
CFCs, mainly CFG| (CFC-11) and CfCl, (CFC-12), (Ar, Kr, and Xe) onF~ and CI yields in ESD of CECl,-
have been emitted into the atmosphere and are believevered Ru(0001) with various coverages. A striking dif-
to cause depletion of the ozone layer via production of Cference between polar and nonpolar coadsorbates is found:
atoms from photodissociation [1]. For polar molecules the maximuli™ and CI" enhance-

Dissociative electron attachment (DEA) to producements are huge, up to factors ®0> and 10*, respec-
negative ions is an extremely efficient process in collisiongively, which are several orders of magnitude higher than
of low-energy electrons with gas- and condensed-phasi®r nonpolar coadsorbates. The giant anionic enhance-
CFC molecules [2,3]. For condensed-phase moleculesnents are attributed to enhanced dissociation ofGTHboy
negative-ion yields may be increased by changes in ththe capture of self-trapped electrons by polar molecules.
surrounding medium. There are several mechanism addition, the resonant coupling (RC) mechanism is
proposed to explain anionic enhancements observeaianifest in the difference of the Clenhancements be-
in various experiments. Th& vyield from electron- tween nonpolar RGs. It is also observed that anionic
stimulated desorption (ESD) of~1 monolayer (ML) enhancements increase strongly with decreasingCGF
of PR adsorbed on a Ru(0001) is enhanced by 1.5—4overage, which is attributed to intermolecular deexci-
when a~1 ML rare gas (RG) (Xe, Kr) or water film is tation effects. Giant Cl enhancements caused by the
deposited on the BFmonolayer [4]. This enhancement attachment of self-trapped electrons to,Ck, on the sur-
was attributed to a dielectric screening effect [5]: Theface of polar stratospheric clouds (PSCs) may be of great
dielectric layer on the surface induces a potential barrieimportance to the creation of the Antarctic ozone hole [9],
that increases the ion survival probability. Moreover, inas PSCs of water ice are formed over Antarctica [10] and
ESD of fractional-monolayer molecules (ABs) absorbedCl™ can be converted into Cl atoms which then destigy
on top of thick RG films, negative-ion enhancements The experiments were conducted in an ultrahigh vacuum
due to the formation of anionic excitons (RQ were (UHV) chamber with a base pressuret X 107! torr
observed [6]. A resonant coupling betweecoae-excited [4,11]. An electron-stimulated desorption ion angular dis-
AB*~ and an anionic exciton (RG) has been proposed tribution (ESDIAD) detector with time-of-flight capability
[6]: RG"™ + AB — AB*~ + RG, followed by dissocia- permits a direct measurement of the total yield and the an-
tion of AB*~. In addition, Nagesha and Sanche [7] havegular distribution of a specific ion species. The Ru(0001)
recently reported an increase by2.5 of the DEA cross crystal can be cooled to 25 K with a closed-cycle helium
section when 0.1 ML CKCl is sandwiched between two refrigerator and heated to 1600 K by electron bombard-
13 ML Kr layers relative to absorption on a 13 ML Kr ment. Purified CECl, and other gases (Ar, Kr, Xé&],0,
surface; this is interpreted in terms of tRematrix model:  and NH) are, respectively, dosed onto the surface at 25 K
The added Kr layer enhances the polarization energwith two separate directional dosers. Their coverages are
on CRCI™ to increase the survival probability of the determined using thermal desorption spectroscopy (TDS);
resonance against autodetachment. In their experimentsne monolayer is defined as the coverage corresponding to
they measured the charge trapped in the dielectric filmghe saturation of the monolayer peak in TDS spectra [4,11].
rather than desorption of negative ions, and could noThe energy of the electron beam is 250 eV. During elec-
distinguish whether the charge is trapped in a stabilizedron bombardment, the metal substrate is a source of low-
CKCI™ or a dissociated Cl fragment [8]. energy secondary electrons, which have a maximum vyield
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at 0—2 eV and a high-energy tail extending2d0 eV. vyields show a monotonic attenuation and quickly disappear
Low-energy electrons play a dominant role in the electronwith increasing coadsorbate coverage [12], suggesting that
induced dissociation of CFCs [2,3,11]. The electron curcoadsorption results in neither the aggregation of@f
rent is adjustable between 0.05 and 20 nA with a beam sizenolecules (the formation of islands) nor an exchange of
~1 mm and the collection time for each data pointis 5 secadsorption sites of GEl, with coadsorbates [12]. Shown
to avoid detector saturation and to minimize beam damagén Fig. 2(a) is the maximum value of enhancement of the
The anionic enhancements are independent of the electrdit and CI” yields as a function of Cil, precoverage
current (and dose). on Ru(0001) with coadsorption of Xe, Kr, and Ar, respec-
ESDIAD patterns offF~ and CI” ions from adsorbed tively. The CI” data for CLCl, coverages<0.3 ML are
CR,Cl, show that desorption of both~ and CI” is along  not available, as the initial Clyield prior to RG deposi-
the surface normal [11]. The emission directionfof  tion is too low for reliable measurements [11]. For three
and CI" is not changed by coadsorption. The variationsRGs in Fig. 2(a), th&~ and CI" enhancements are simi-
of theF~ and CI yields as functions of Xe coverage for lar, with one exception: The Clenhancement for Xe
various CKLCl, precoverages are shown in Figs. 1(a) andcoadsorption is appreciably larger than for the other cases.
1(b). For the lowest CKl, coverages botlifr~ and CI For coadsorption of CKl, with polar H,O and NH;,
yields increase greatly with the initial Xe deposition, ex-much stronger enhancementstof and CI” are observed,
hibit a maximum about 10 times their initial value at nearlyas shown in Fig. 2(b). Fdf,O coadsorptionF~ and CI
1.5 ML of Xe, and finally decrease to zero intensity atexhibitmaximum enhancements by nearly 2 orders of mag-
~3.5 ML of Xe. Similar enhancements &~ and CI nitude at about 1 ML oH,0. Qualitatively similar results
are observed for respective coadsorption with Kr and Arare observed for the coadsorption of NHut the magni-
but the enhancement of Cls in the order Xe> Kr = Ar.  tudes of enhancements Bf and CI" are much larger:
The decrease &~ and CI” with high coadsorbate cover- The maximum NH-inducedF~ enhancement for 0.1 ML
age is due to elastic and inelastic scattering as the desorb&i Cl, is ~200 times; the CI enhancement for 0.3 ML
ions pass through the overlayer [4]. Both thé and CI CF,Cl, is a factor of~3 X 10*. The corresponding Cl
desorption cross section for the maximum enhancement
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FIG. 1. RelativeF~ and CI (b) yields from 250 eV electrons

incident onto various coverages of &H, on Ru(0001) as FIG. 2. Maximum magnitude off~ and CI enhancements
a function of Xe coverage, where the data in each set argersus CKECl, coverage (a) for nonpolar Xe, Kr, and Ar
normalized to the initial value at 0 Xe coverage. coadsorption; (b) for polaH,0 and NH; coadsorption.
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is ~6 X 1078 cn?. However, the total cross section for enhancements between polar and nonpolar coadsorbates.
CI~ formation induced by electrons is much greater tharNegative-ion resonances in gas-phase water and ammonia
the CI” desorption cross section, since most of the dissociare observed at 6.5 and 5.6 eV, respectively, and their
ated CI' ions are captured at the surface due to the imageross sections are(NHz;*") < ¢(H,0*") [14]. Based
potential [11]. For an identical GEIl, precoverage, the on the energy matching requirement [6], RC would predict
enhancement of Clis much larger than that df ~ for a strong enhancement of Clfor CFCl, coadsorption
either H,O or NH; coadsorption. From Fig. 2, it is seen with H,O than with NH. This is not consistent with
that the magnitudes df~ and CI" enhancements rapidly the observed results. Most significantly, the ,Ckh*~
decrease with increasing &El, coverage. resonance at-3.0 eV resulting in the production di~ is

Before we discuss the above results, it is useful to suma single-particleresonance associated with the electronic
marize the DEA results of GEl,. Gas- and condensed- ground state of the molecule. Thus, RC would lead to
phase experiments have established that there are twm F~ enhancement for both polar and nonpolar coadsor-
single-particle resonances at electron energies of nearlyates. These facts lead to the conclusion that RC may
0 and 3.0 eV associated with two vibrationally excitedbe operative, but is not the major mechanism responsible
states of the molecule, leading to the ejection of @hd  for the giant CI enhancements observed for coadsorption
F~, respectively [2,3]. For the condensed phase, therwith polar molecules, and is not the mechanism for the
is an additional core-excited Feshbach resonance center&d enhancements for all coadsorbates.
around 7.0 eV associated with the first electronically ex- Liquid ammonia and water are both very efficient elec-
cited state of the molecule, which leads exclusively totron solvents [15,16]. Each excess (solvated) electron in
CI™ [2]. We have recently studied the ESD of adsorbedhese polar media is momentarily trapped within an attrac-
CFR,Cl, on Ru(0001) from O to 5 ML [11]. At an incident tive potential well created by orienting the molecules that
electron energy of hundreds of eV, the dominant producsurround it, and is called a self-trapped electron. Simi-
is F~; the CI” yield is much smaller. lar “bubblelike” structures to induce electron self-trapping

Consider the mechanisms for the observed negative-ioare also found in liquid helium and neon with negative
enhancement. First, we note that neither the dielectrielectron affinities (the conduction-band minimum is above
screening effect [5] nor theR-matrix model [7] can the vacuum level) [17]. In contrast, an excess electron
account for the observed strongly &H,-precoverage- in most nonpolar liquids with positive electron affinities,
dependent enhancements &f and CI; molecular such as heavier rare gases (Ar, Kr, or Xe) and,Clivhs
precoverage is not an input parameter in these model high mobility, remaining in a quasifree state. A simi-
calculations [5,7]. Moreover, the dielectric screeninglar proposal has been made quite recently by Nagesha
effect would predict greater anionic enhancements foand Sanche [18]. In the case of solids, self-trapped
H,O than for NH; coadsorption, as the dielectric constantcarriers are often described as small polarons [19,20].

e of H,O is greater than that of NH[13]. This is In the present case, secondary electrons from the
not consistent with the observed results. Second, thsubstrate are injected into the water or ammonia molecular
observed anionic enhancements cannot be attributddyer, where some of them become self-trapped and thus
to the increases in secondary electron emission (SEHj)ave long lifetimes. When a GEl, molecule is also
from the substrate caused by coadsorbates. In fact, it isgresent on the surface, a trapped electron tunneling to
observed that coadsorption of either 1 NH,O or 1 ML the molecule is expected to form a vibrationally excited
NH; with 0.3 ML CRCI, results in a smaller increase intermediate state which then dissociates

(by a factor of~1.3 = 0.1) of the SEE vyield than 1 ML - - -

Xe coadsorption (by a factor 6f1.6 = 0.1) [12]. e + mNH3;(nH,0) — e5™ (NH;3),, or es™ (H20),,

The trends for CI enhancements with coadsorption (1a)
of three RGs are consistent with the RC mechanism, ¢;~ + CKCl, — CRCL*™ — CI~ + CRCI, (1b)
in which anionic excitons (RG) couple with vary- _
ing degrees of effectiveness to core-excited, CF*~ e CFCh, (1c)
resonance at-7.0 eV leading to CI desorption [2]. where,es™ denotes a self-trapped electron. It is well
Here, RG™ excitons are created by secondary electron&nown that the cross section for Cformation [Eq. (1b)]
from the metal substrate during electron bombardmenis much larger than foF~ [EqQ. (1¢)] in the gas phase
One can expect a strong coupling of the 7.0 eMCIE*~  [2,3]. In fact, the generation of solvated electron by
resonance with a Xeé exciton (~7.7 eV), a weak dissolving alkali-metal atoms in liquid solvents has been
coupling with K~ (9.7 eV), and a negligible coupling applied to dehalogenation of environmentally hazardous
with Ar*~ (11.6 eV) [6], although the energies of both halogenated organic compounds, in which halogen atoms
the CRClL*™ resonance and the RG excitons near are reduced to halogen ions [21,22] and dechlorination
the metallic surface are expected to be lowered by thean be much more efficient than defluorination. This
image potential. This prediction is in agreement with thequalitatively agrees with the present observation that the
observed results. However, the RC mechanism is nathagnitude of enhancement of Cis much larger than that
helpful in predicting the great difference of negative-ionof F~ for H,O or NH; coadsorption. Mackenziet al.
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[22] have achieved a high dehalogenation efficiency oflifferent species). This is the well-known three-body

halogenated hydrocarbons by using liquid ammonia asttachment; an example is the formation 0%~ by

a solvent at a low temperature (223 K) and extendeelectron impact withO, in the upper atmosphere. A

the method to dehalogenation of solids. An importanthree-body process may transfer a dissociativeQTf ~

implication is that the dehalogenation of contaminatedstate into a stabilized GEIl,™ state, since CfCl, has a

solids is a diffusion-controlled reaction, depending on thepositive electron affinity of 0.4 eV [24], the same as that

mobility of the solvated electrons [22]. of O,. Moreover, charge transfer between neighboring
The electric dipole moment of water (1.84 D) is largermolecules may also occur as coverage increases, reducing

than that of ammonia (1.47 D) [23]. As a result, thethe lifetime of the transient AB" state. For CECl,"™,

excess electrons are more easily self-trapped in watdhese processes are expected to show a strong dependence

than in ammonia due to the stronger electron-dipoleon the availability of neighboring GEIl,, and hence on

interaction in water, and the mobility of electrons in waterthe surface density. Intermolecular deexcitation effects

is much lower than in ammonia at the same temperaturmay therefore explain the strong dependence ofRhe

[23]. For nondiffusion-controlled reactions, the reactionand CI” enhancements on GEl, coverage.
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