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Mechanism for the efficient abstraction of an adsorbate by C$ scattering
at hyperthermal energies
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In a classical molecular dynamics computer simulation, a different abstraction mechanism is proposed for an
efficient formation of ion-adsorbate products between an impingirigi@s and an adsorbate on the(Fitl)
surface. The two essential steps in this abstraction mechanism are the initial energy release to the surface by the
impinging Cs™ without affecting the adsorbate, and subsequently in its outgoing trajectory pulling the adsor-
bate away from the surface, due to the ion-dipole attraction. This Eley-Rideal—type mechanism will dominate
in reactive scattering from a surface physisorbed with small molecules.
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lon scattering from surfaces with hyperthermal energiesontext, we have studied the scattering dynamics of the ion-
(1-100 eV has a number of unique characteristics. The scatadsorbate formation process using a classical molecular dy-
tered ions are an excellent probe for surface properties, singemics computer simulation, by measuring the desorption
penetration into the substrate or surface damage is negligiblgnd RIS cross sections. Present work illuminates the role of
small. The ions are also an ultrafast probe because the reshe ion-adsorbate attraction in the RIS and desorption dy-
dence time in the vicinity of the surface is merely a fewnamics, and introduces a different abstraction mechanism
hundred femtoseconds. The impinging projectile has suffithat explains the large RIS yields.
cient kinetic energy to break chemical bonds at the surface An elaborate explanation of the scattering model and the
adding interesting chemical properties to this type of ionsimulation code is provided elsewhéfé? In brief, the sub-
scattering. strate contains five layers of ¥5l0 Pt atoms with a nearest-

Along these lines, recent studies of reactive ion scatteringieighbor bimodal Morse potential. The impinging ‘C®n
(RIS) from surfaces have discovered a range of phenomeniateracts with the Pt substrate via a pairwise additive Born-
such as dissociation of molecular projectile ibifsand  Mayer repulsive potential and an image-charge potential
transfer of charges, atoms, or groups between the projectileith respect to the perpendicular distance to the surface, re-
ion and the surfac&:!® Of particular interest is the abstrac- sulting in a well depth of 1 eV for the potential-energy sur-
tion of atoms or molecular fragments from surfaces by theace. The adsorbate is a structureless atomic point particle,
projectile ion, which may have relevance to surface characwith a specific mass and binding energy, governed by a
terization and modification. Abstraction reactions have beemMorse potential with the surface atoms. Becausé 8sso-
observed with molecular projectile ions scattering from self-electronic to Xe, the only possible driving force to the
assembled monolayers and hydrocarbon surfacas well  Cs"-adsorbate formation is the ion-dipole attraction. The
as with the scattering of Ofrom oxidized S{100 L NO* ion-adsorbate interaction is in the form of a Born-Mayer re-
from OJ/AI(111),*® and Cs from various kinds of pulsive potential and an induced ion-dipole attraction that
adsorbated’~*2 Charge exchange between a projectile ioncombine to a well depth of 0.5 e\t & A separation.
and a surface often alters the reactively scattered ion inten- The simulation code solves Newton’s equations of motion
sity, making it difficult to analyze RIS vyields in terms of a by means of the Numerov-Verlet integration algoritfftiThe
collision dynamics model. The simplicity of the RIS processsubstrate is thermalized at 100 K, before the projectile starts
with Cs" projectiles lies in the fact that charge exchange isits trajectory & 8 A above the surface with an incidence
small and can be ignoréd since the ionization energy of Cs angle of 45°. Each trajectory randomly impacts within a sur-
(3.89 eV is smaller than the work-function values of most face area that is large enough for the desorption process. A
semiconductors and transition metals. trajectory calculation terminates when the projectile once

Early experiments have measured very low yields for theagain reaches a distance of 8 A above the surface, and the
Cs"-adsorbate formation with chemisorbed spetfe$he  energy balance in the systefvelocities, potential energies,
RIS mechanism was assumed to be an extension of collisioand rovibrational excitationdetermines whether the adsor-
induced desorption: in a two-step process, the projectile dvate has desorbed and the ion-adsorbate product has been
first collides with the adsorbate causing desorption, followedormed. For each dataset, about 25 000 trajectories are calcu-
by the formation of the ion-adsorbate product in the outgoindated.
trajectory. More recently, much higher RIS yields have been We have chosen an adsorbate with a mass of 16 amu and
observed for C§ scattered from O, O,, and CQ phys- three binding energies with the surface, representing phys-
isorbed on Rt111) (Refs. 16 and 1j7and from ultrathin ice isorption E,=0.25 eV), chemisorptionE,=1.0 eV), and
overlayersi12which cannot be explained by the earlier pro- an intermediate case d,=0.5 eV. Figure 1 shows the
posed two-step process. Apparently, quantitative-mechanisticross sections for the desorption and RIS, as a function of the
models are lacking for these efficient RIS processes. In thigcidence energy of the Cs The desorption cross sections
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FIG. 2. Effect of the ion-dipole attraction on the desorption

FIG'. 1'. Desorpt_lon and RIS.cross se_cthns for adsorbates 0éross sections for an adsorbate of mass 16 amu and three binding
three binding energies,, as function of the incidence energy of energiesE,,, as function of the incidence energy of the’C&he

the Cs'. The incidence angle of the Css 45 and the adsorbate's Cs' ions impact the surface at an angle of 45°. Each panel shows

mass is 16 amu. the results for with and without the ion-dipole attractive potential,

. . companied by the cross-section differedee. The shaded areas
show the typical energy dependence: a steep slope at IOgﬁjicate the enhancement to the desorption by the ion-dipole attrac-

energy, reaching saturation as the incidence energy of thueon
Cs' increases. Straightforward collision-induced desorption
dynamics is sufficient to explain the steeper slope and a
higher saturation value for a lower binding enetyy?*  significantly for the two lowest binding energies &,
Rather unusual is the maximum at an incidence energy of0.25 eV and 0.5 eV, and the maximum B&t=10 eV is
E;=10 eV, observed only for the two lower binding energiesexclusively a result of the attraction between thé @sd the
of 0.25 and 0.5 eV. The corresponding RIS cross sectiongdsorbate. The largest contribution to the desorpiien, the
also show a similar slope and saturation with the increasingnaximum in theAo curve in Fig. 2 is in the low-energy
Cs' incidence energy, but where the desorption cross sedange of the incidence Cs where also the corresponding
tions have a subtle maximum &=10 eV, the RIS cross RIS cross sections in Fig. 1 have their maxima. The attrac-
sections show a distinct peak. Such a maximum in the detive force on the adsorbate by the Css apparently most
sorption and RIS is absent in case of the stronger bindingffective for low-energetic Csions. The attraction contrib-
energy ofE,=1 eV. utes to the desorption only when the binding energy is simi-
We have performed another similar set of simulations, butar to or smaller than the ion-adsorbate attraction of 0.5 eV,
without the ion-dipole attractive potential, in order to exam-for E,=1.0 eV, the effect of the ion-dipole attraction is neg-
ine the role of the attraction in the scattering dynamicsligible.
There is no RIS without the ion-dipole attraction and we Trajectory analysis shows that in the RIS process, the in-
only monitor the direct collision-induced desorpti¢éBID)  cidence C3 initially collides with the surface without affect-
cross sections in this case. Figure 2 shows these CID cro$sg the adsorbate, and subsequently in its outgoing trajectory
sections together with the corresponding total desorption repulls the adsorbate away from the surface. The impact must
sults from Fig. 1. The CID cross sections are always lesshe in the vicinity of the adsorbate, so that the outgoing Cs
irrespective of the adsorbate’s binding energy. The makes a close passage alongside of the adsorbate. This re-
shaded areas indicate the enhancement to the desorption syits in a high RIS efficiency only if the scattered ‘Cis
the ion-dipole attraction, which is also shown as the crossslow enough to give the attractive force sufficient time to
section differencel . The ion-dipole attraction contributes accomplish the ion-adsorbate formation. For a successful
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RIS process, it is crucial that the €émisses” the adsorbate shown for three adsorbate’s masses in Fig. 3. The desorption
in its incoming trajectory, loses kinetic energy in the surfaceCross sections are again calculated for with and without the
collision, and then drags the adsorbate along in its outgoiniPn-dipole attraction. Notice that the mass dependence al-
trajectory. The actual abstraction in the final step of thismost vanishes when the ion-dipole attraction is abgsoitd
mechanism is only viable when the ion-dipole attractiveSymbols in the lower panel of Fig.)3In this case, the de-
force is strong enough to break the adsorbate’s bond with thgorption occurs merely via a direct CID, which has no mass
surface, which is feasible for weakly bound adsorbates. ~ dependence as long as the projectile is much heavier than the
The RIS process for chemisorbed speciBg=1.0 eV in  adsorbate. The mass dependence arises when the attractive

Fig. 1) occurs through a mechanism different from the ab-ion-dipole potential is included. The lower the mass, the
straction reaction. The projectile must collide directly with greater the enhancement to the desorption cross sections and
the adsorbate and transfer a sufficient amount of energy tdhie higher the RIS cross sections. The lowest mass of 8 amu
break the 1.0 eV bond. Such a collision ought to be venallows an enhancement of the desorption by the ion-dipole
precise because too much energy transfer will result in &ttraction for incidence energies up to 40 eV. However, for
velocity mismatch between the outgoing projectile and the32 amu, the enhancement has become very small and is also
adsorbate, which prevents the ion-adsorbate formation. Béestricted to the incidence energy region below 15 eV.
cause this energy-transfer scheme is rather delicate, it is less The adsorbate’s mass dependence and its variation with
probable. Hence, there are lower RIS cross sections for adacidence energ¥;, as observed in Fig. 3, is an immediate
sorbates with a stronger binding energy. result from the fact that the inertia of a lighter adsorbate has
The crucial step in the RIS abstraction mechanism is th@ lower resistance to following and attaching itself to the
Cs" pulling the adsorbate away from the surface. For this toutgoing ion. Wherever the high-energetic outgoing” @s
happen, the adsorbate’s inertia needs to be overcome, sindgle to abstract a light adsorbate, the inertia of a heavier
the adsorbate is accelerated from initially at rest to the veadsorbate would prevent it. Each adsorbate’s mass has thus a
locity of the outgoing C$ ion. This implies a mass depen- maximum C$ kinetic energy, above which the abstraction
dence of the desorption and the RIS cross sections, which gannot take place anymore. This maximum kinetic energy for
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FIG. 4. Relation between the adsorbate’'s mass and the maxi-
Ei (eV) mum kinetic energy of the Csfor the abstraction mechanism. The
adsorbate interacts in a two-dimensional model with the @a the

FIG. 3. Desorption and RIS cross sections for adsorbates abn-dipole potential and is attached to the solid by a Morse potential
three masses with a binding eneigy of 0.5 eV, as function of the  with a well depth ofE,,. The maximum C§ energy for abstraction
incidence energy of the Cs The Cs$ incidence angle is 45°. The scales with'n;dlS due to the inertia. The numbers in the open circles
open and solid symbols in the lower panel represent with and withrefer to the corresponding mass. Note that both axes use a logarith-
out the ion-dipole attractive potential, respectively. mic scale.
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abstraction decreases with increasing mass. A twofully abstracts the adsorbate. We consider the abstraction
dimensional abstraction model can illustrate this eflsee  mechanism for RIS to be an Eley-Rideal proc¥ss;?>2
the reaction at the bottom of Fig).4A Morse potential with  assuming that scaling with the incidence energy is not a re-
appropriate binding energy connects the adsorbate to a solgLirement.
of infinite mass and the Cspasses along the adsorbate in a The simulation results predict almost an order of magni-
straight line while interacting via the ion-dipole attractive tyde increase of the RIS cross sections when the abstraction
potential. The maximum energy of the Cthat is still able  mechanism comes into full swirgee the RIS peaks in Figs.
to drag the adsorbate along with <™, is calculated for a 1 and 3. In experiments, RIS showed an increase by a factor
number of adsorbate’s masses, ranging from 2 to 128 amigf apout 50 from chemisorbed to physisorbed witef.A
Figure 4 shows clearly in a logarithmic plot tHB£S scales  permanent dipole of the adsorbate is omitted in the simula-
with m4c. Especially, the energy region between 5 and 2Qjons, but may account for the somewhat larger RIS yields in
eV is important because it covers the typical energies of thégne experiments. Nevertheless, the agreement between simu-
outgoing Cs. Therefore, the abstraction mechanism is mosiations and experiments is reasonable, indicating that the
sensitive to adsorbates with a mass below 32 amu. model contains the essential physics of the RIS process.
The mass effect in Fig. 4 does not depend much on the |5 symmary, we have demonstrated an efficient RIS pro-

binding energyE,, since the two curves almost overlap. cess occurring through an ion-adsorbate abstraction mecha-

ghO‘,’gh the flgurﬁ |Ilubstrates_ the |mr|]30r'Fanceh(_)f tTe a(_jsor'nism, in which a direct collision between the projectile and
ate’s inertia on the abstraction mechanism, this alone Is n%e adsorbate needs to be avoided. The abstraction efficiency

a measure for RIS. The RIS efficiency is the sum over the

o " . . depends on the velocity of the outgoing ‘Cions, and the
+
RIS probabilities of all kinetic energies of the outgoing'Cs _ (=~ " . " binding energy. Favorable conditions

up to the maximum kinetic energy as shown in Fig. 4. The an be met for incidence energies of around 10 eV and for
result of this sum does depend on the adsorbate’s bindin ; . g .
hysisorbed adsorbates with a mass below 32 amu. Applica-

energy in the way we have observed in Fig. 1. : o ) ; :
The energy and angular distributions of the outgoingt'ons of such an efficient RIS process will be many, including

+_ urface analysis of soft molecular solids, such as ice. The
Cs -adsorbate product follow closely that of the attaChed:cattering kinematics leading to abstraction should be rel-

Cs", owing to its much heavier mass. As a result, the ab- : L
straction mechanism has the following characteristitsthe evant to other reactive projectiles as well.

angular distribution of the product follows the outgoing'Cs We thank Professor Sangyoub Lee of the Theoretical
which is generally not centered along the surface norf@al, Chemistry Lab for providing access to a cluster of eight 800
the outgoing RIS product has a nonthermal energy distribuMHz Linux PCs. Financial support from the BK21 program
tion, and(3) no scaling with the energy of the incoming Cs by the Korean Ministry of Education is gratefully acknowl-
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