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COMMUNICATIONS

Anomalous charge-transfer behavior in the scattering of hyperthermal
Brt¥(3P,) on Pt(111)
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In contrast to conventional charge-transfer theory, the scattering of state-sele¢tgdP Bron

Pt(111) shows a dramatic enhancement in the yield of B6,) at an impact energy of 26 eV.
Coincident with this resonance, the BFS,) product scatters with additional translational energy.
The observed scattering behavior is consistent with a collision-induced deformation of the lattice
that evolves in phase with the departing projectile. The experimental data demonstrate the strong
coupling between the motion of the platinum lattice and the surface electronic states responsible for
charge transfer. €002 American Institute of Physic§DOI: 10.1063/1.1529687

Hyperthermal energy5-500 eV} ion—surface interac- atoms, such as that created in a violent collision, may locally
tions have gained considerable attention because of their rgberturb the electronic structure of the solid targ2if the
evance to numerous applications, ranging from plasma prgsrojectile departs along the surface normal and moves slowly
cessing in the microelectronics industry to the degradation ofelative to the time scale of the lattice distortion, the charge-
spacecraft materials in low-earth orbiOf fundamental in-  transfer dynamics can be significantly affected by the tran-
terest are the diverse reaction pathways accessible to the iogient surface deformation.
surface system when the energy of the collision greatly ex- With the support of classical trajectory simulations,
ceeds that encountered under thermal conditfons. some groups have examined the role of collision-induced

The majority of ion/surface scattering experiments havesurface deformations in the hyperthermal energy scattering
involved light atomic projectiles striking crystalline targets at of heavy atomic projectiles on well-characterized surfaces.
keV impact energie. Theoretical models, such as the Amirav et al. proposed a multiple-collision model in which a
Anderson—Newns formalism, are often employed to quanti1—10 eV Xe atom struck a target atom, only to have the
tatively treat resonant charge—exchange during scattéting. target atom return and collide with the Xe projectile a second
the projectile’s affinity level becomes resonant with occupiedime 1° A similar mechanism was proposed by Sosolic and
states of the substrate along the inbound trajectory, rapi€ooper in the scattering of 10-250 eV Rion Cuy001).%*
charge transfer will typically allow the projectile to reach Keller et al. investigated the neutralization of Naon
and track its equilibrium charge state. Nevertheless, alon@u(001) at 7.5 and 50 eV They proposed that the neutral-
the outgoing trajectory, the charge transfer rate diminishe&ation probability depended significantly on the impact site
rapidly, and the charge on the projectile eventually becomeand the ensuing trajectory; the most complex trajectories suf-
“frozen.” ® For negative ion emergence, a simplified “freez- fered large energy losses and deformed the surface locally;
ing distance model” predicts that the yield of scattered anthese trajectories had charge-transfer probabilities that were
ions will increase dramatically with increasing exit dramatically higher than the less obtrusive, single-scattering
velocity—in agreement with experimehf. trajectories.

Implicit to conventional charge-transfer theory is the In the present study, experiments are performed in which
simplifying approximation that the surface electronic struc-state-selected, hyperthermal energy 6P,) is targeted at a
ture is not significantly perturbed by the impulsive collision. well-characterized P111) surface. The chosen scattering
This assumption is justified in the case where a light projeceonditions are ideal for exploring how a transient deforma-
tile strikes a heavy target atom. Under these conditions, théon of the surface significantly alters charge-exchange in
scattered particle leaves rapidly before the lattice has time tmn—solid collisions.
respond to the impact. Furthermore, because the majority of The experimental configuration is described in detail
scattering experiments have involved oblique angles of incielsewhere; thus, only a brief description will be given here.
dence and detection, the projectile’s final charge state i®rior to the experiment, the platinum surface is prepared by
thought to be determined after the particle has traversed latepeated cycles of Ar sputtering(500 eV, 6 uA ion beam
erally from the original impact site to an unperturbed regiondirected 60° from the surface normdl,=300 K) and an-
of the surface. Notwithstanding, the displacement of surfac@ealing (T,=1175K)* A doubly differentially-pumped,
pulsed molecular beam delivers ,Bg) into the ultrahigh
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FIG. 1. Relative yield of scattered Bf'S,) product vs kinetic energy for Br* Incident Energy (eV)

Br*(3P,) incident on Pt111). The curve is drawn to guide the eye. .
FIG. 2. Mean translational energy of scattered 86,) product as a func-

tion of kinetic energy of incident Br(®P,). A linear relationship is ob-
served for incident energies greater than 55 eV.
by 2+1 resonance-enhanced multiphoton ionization

(REMPI) at \=277.19 nm, produces Brin the 3P, elec- )

tronic state (84% population!>® The state-selected ment resolves the state-to-state transformation of(&®,)
—(1 -

Br* (3P,) ions are extracted, accelerated, mass-selected, arf@ B ("So) on P(11D) at Ts=300 K. -

finally decelerated to 10~105 el eV FWHM) before col- Figure 1 demonstrates the extreme sensitivity of

— l . . . .
liding with the clean Rtl11) surface. The pulsed ion beam Br+(380) emergence 1o _the k|net|c. energy of incident
typically delivers—10? Br* (3P,) ions per laser shaR0-Hz Br™(°P,). The most intriguing feature is the sharp resonance

repetition rat, corresponding to a time-integrated exposurenear 26 eV. At the peak of the resonance, the relative yield of

rate of less than 10’ Langmuirs per hour. Consequently, it Br("Sp) products equals 2.8% of thg qugnt*%?Pz)
: ) .2 reactants. From the recorded angular distribution of the scat-
is reasonable to assert that thé1Rf) surface is not signifi-

cantly modified by the impinging Br(®*P,) ions during the tered Br (°S) S|gngl, itis predicted thgt iny 40% .Of the
fth . i emergent product ions are collected within the solid angle
course ol the expenment. : _ ... _element of the detector. Consequently, the absolute yield of
The incident and scattered ions are monitored with

| ion-i ina d ifically desianed o (;’Br‘(lso), integrated over all scattering angles and veloci-
novel lon-imaging detector, specifically designed to affordyqg s estimated to be 7% of the incident 26 eV BP,)

mass-, angle-, and velocity-resolution with near single-ioqons_ Surprisingly, the BY(1S,) yield drops by an order of
detection efficiency’ The spatial distribution of ions is re- magnitude when the kinetic energy of incidentBiP,) is

corded on a CCD camera at a particular instant in time. The,ra55eq by only 20 eV. Further, the BtS,) vield gradu-
digitized image reflects the ions’ two-dimensional velocity ally increases when the incident energy exceeds 55 eV.
distribution in the scattering plane. The imaging detector is Figure 2 shows the dependence of the scattered

positioned along the ion-beam axis, collinear with the Surgy-(1s,) translational energy on the incident BPFP,) en-
face normal. The solid angle over which ions are collected i%rgy. Again, two different scattering regimes appear in the

+28° (in-plang and £7° (out-of-plang relative to the sur-  gata. For incident energies greater than 55 eV, the mean

ing geometry enables the detector to collect incident Br Br™(3P,) kinetic energy. However, for incident energies be-
ions and scattered ionic products on alternating laser shotgy 55 eV, the final kinetic energy of B(1S,) is augmented

In this way, a relative ion yield is calculated from the numberpy as much as 1 eV when compared to the linear trend found
of collected product ions, integrated over all velocities withinfgr impact energies above 55 eV. This enhancement in the
the acceptance angle of the detector, divided by the numbejattered Br('S,) kinetic energy occurs across the same

of incident ions. range of incident energies as the resonance appearing in
Across the 10-105 eV range of impact energies, lesgig. 1.
than 10°° of the incident BF (°P,) ions scatter with their The connection between the data in Figs. 1 and 2 is most

positive charge intact. Facile neutralization along the in-revealing. For example, a comparison of the scattering be-
bound trajectory is followed, to a lesser extent, by a seconthavior for 34 and 54 eV Br(°P,) indicates that in both
electron capture to produce scattered BFor negative ion cases, the scattered BS,) products leave the surface with
formation on metal surfaces, there is no evidence to suggest mean energy of 2.8 eV. If the final charge-state depends
that the two electron-transfer events are concerted or evemnly on the outgoing velocity, then both scattering conditions
correlated® Because only BF in its ground electronic state should produce a similar anion yield. Yet, the relative yield
(1sy) is stable against autodetachment, the scattering expeifier 34 eV Br' (°P,) is a factor of thirty larger than the rela-
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tive yield for 54 eV Bf (°P,). Alternatively, if one judged velocity with which scattered Br(1S,) asymptotically de-
that the incident velocity should be important in determiningparts from the Rfi11) surface $ 1 A per 45 fs, when
the degree of surface penetration and hence the probabilir* (3P,) is incident at 26 eV. Considering that charge trans-
for electron capture, then conventional charge-transfer wisfer will occur as long as the particle is within a few A of the
dom might lead one to predict incorrectly that the faster prosurface, it is reasonable to expect that the ion/surface inter-
jectile should exhibit the greater anion yield. The experimen-action time will extend over a period of a couple hundred fs
tal data underscore the importance of considering the entirafter the point of impact. This is ample time for the lattice
scattering trajectory when examining charge-transfer behawdeformation to undergo a partial oscillation, wherein the es-
ior. cape trajectory of the projectile is synchronously phased with

The drop in the Br(1S,) yield above 26 eV could be the large-amplitude motion of the surface atoms.
attributed to the onset of implantation. However, the thresh-  Electron attachment preferentially involves electrons
old for implantation on the close-packed(Ptl) surface is propagating along the surface normal, because the tunneling
expected to be higher than the penetration threshold fér Kr barrier between the surface and the projectile is narrowest in
impinging on graphité48 eV] or on W(100) [100 eV]; fur-  this cas€®?° Yet the electronic structure of static (Pt1)
thermore, the precipitous drop in the anion yield is uncharfeatures a projected band gap at thgoint extending from
acteristic of the rate at which implantation increases withthe Fermi level to the vacuum lev&.The projected band
impact energy?2° gap arises from the void ik-space of wave functions carry-

A more plausible explanation for the resonance featuréng zero-momentum parallel to the surface distortion of
focuses on the temporal response of the lattice to the imputhe lattice will locally perturb the electronic states near the
sive collision. A 26-eV incident Br(3P,) projectile rapidly — band gap region, especially tsp-derived surface resonance
dumps approximately 27 eV of translational and electronidying 0.2 eV below the Fermi levéf Because the transient
energy into a localized region of the surf&télhe impulse  deformation of the lattice occurs on a time scale that is slow
travels as a shock wave into the lattice and is eventuallgompared to electron reorganization, the surface electron oc-
dissipated® Preliminary classical trajectory calculations cupancies are predominantly expected to adiabatically track
suggest that on the time scale of the collisier200 f9, the  the nuclear motion. Nevertheless, nonadiabaticity will gener-
near-surface region is transiently distorted into an indentaate electron-hole pairs proximal to the impact site. Hot elec-
tion followed by a protrusion. This lattice deformation cantrons (with energies above the Fermi leyadxcited by the
significantly perturb the local electronic structure of the sur-violent collision may enhance electron capture by efficiently
face proximate to the point of impat®. coupling with the projectile’s affinity level. It is expected

Local effects have been shown to strongly influencethat the lifetime of a hot electron on(B11) will exceed that
charge-transfer dynamié&?*Taylor and Nordlander demon- measured for Gl11) [20-35 fg, because the dominant
strated that the level-widtte measure of the tunneling rate d- versuss-character of Pt contributes to a greater density of
for electron transfer is significantly modulated by the lateralstates near the Fermi lev&l.
position of a Li projectile atom above a corrugated08l1) The resonance feature in Fig. 1 is moderated by the sec-
surface?® Silva et al. modeled the electron attachment rate ond electron transfer event and not the first, because neutral-
for atomic hydrogen and fluorine projectiles striking a va-ization is virtually complete in this system. We postulate that
cancy site on Al111).2° They reported that the electron is the anomalous enhancement in the BS,) yield for 26 eV
repelled by the vacancy, thus destabilizing the affinity levelincident Br' (3P,) is caused by a localized perturbatitio
near the vacancy site relative to a defect-free region of théhe electronic structure, state occupancies, and charge-
surface. Additionally, the investigators noted that the leveltransfer couplingsinduced by the collisional distortion of
width is significantly reduced proximate to the vacancy sitethe lattice. At the peak of the resonance, the transient surface
In contrast, the same authors calculated that an Al adatom ateformation(and its associated electronic perturbatiom-
the Al(111) surface qualitatively exhibits the opposite effect curs at an optimal phase relative to the projectile’s departure
as that calculated for a vacancy sifdn the experiments of from the surface. In addition to considering factors affecting
Keller et al, it was noted that Na projectiles scattering from the electron capture process, an equally important issue in
Cu(001) had neutralization probabilities differing by a factor Br~ emergence concerns the potential transfer of the electron
of seven, depending on the type of surface collisothe  back to the surface along the outgoing trajectory. Electron
Cornell group argued that the trajectory-dependent chargdess is energetically favored, because the surface work func-
transfer probability could be traced to the way in which thetion exceeds the electron affinity of isolated Br by 2.6 eV.
lattice is deformed by the collision. By employing a static Nonetheless, the projected band gap fddiP) can impede
dipole approximation to simulate the collision-induced va-electron loss significantly, if there are no resonant states in
cancy site, the authors’ charge-transfer model achieved qualihe metal to couple with the atom’s affinity lev@l.Once
tative agreement with the data. again, the synchronization of the lattice deformation with the

The localized perturbations to charge transfer citedorojectile’s exit trajectory is critical to fully treating the time-
above are significant; however, the investigators all treatedependent couplings responsible for electron loss.
the surface defect statically, i.e., the lattice was assumed to The Br/P{111) system exhibits an unprecedented reso-
be rigid. In the present experiments, the collision-inducechance in the electron-transfer dynamics. The conditions lead-
deformation of the surface is transient and evolves on théng to this phenomenon are critically sensitive to the timing
time scale of the projectile’s interaction with the surface. Thewith which the Br projectile scatters from the surface and the
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