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Abstract:

In contrast to conventional charge-transfer theory, the scattering of state-

selected Br+(3P2) on Pt(111) shows a dramatic enhancement in the yield of

Br–(1S0) at an impact energy of 26 eV.  Coincident with this resonance, the

Br–(1S0) product scatters with additional translational energy. The observed

scattering behavior is consistent with a collision-induced deformation of the

lattice that rebounds coherently 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.
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Hyperthermal energy (5 – 500 eV) ion-surface interactions have gained

considerable attention because of their relevance to numerous applications - ranging from

plasma processing in the microelectronics industry to the degradation of spacecraft

materials in low-earth orbit.1  Of fundamental interest are the diverse reaction pathways

accessible to the ion/surface system when the energy of the collision greatly exceeds that

encountered under thermal conditions.2

The majority of experimental and theoretical studies examining ion/surface

collisions have involved light atomic projectiles striking crystalline targets with keV

impact energies.3  From this body of work, many have concluded that the final charge

state of the ion is determined along the outgoing trajectory.4  As described by the

‘freezing distance’ model, the projectile undergoes rapid charge transfer when it is

proximate to the surface – allowing the projectile to reach its equilibrium charge state.3

Then, as the projectile begins to depart from the surface, the rate of charge transfer

decreases significantly. At some point, the charge transfer rate becomes negligible, and

the charge on the projectile is said to be ‘frozen.’  In the case of electron attachment to

form negative ions, the freezing distance model predicts that the scattered anion yield

should increase dramatically with increasing exit velocity, in agreement with

experiment.5,6

Implicit to conventional charge transfer theory is the simplifying approximation

that the surface electronic structure is not significantly perturbed by the impulsive

collision.  This assumption is justified in the case where a light projectile strikes a heavy

target atom.  Under these conditions, the scattered particle leaves rapidly before the

lattice has time to respond to the impact.  Furthermore, because the majority of scattering
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experiments have involved oblique angles of incidence and detection, the projectile’s

final charge state is thought to be determined after the particle has traversed laterally

from the original impact site to an unperturbed region of the surface. Notwithstanding,

the displacement of surface atoms, such as that created in a violent collision, may locally

perturb the electronic structure of the solid target.  If the projectile departs along the

surface normal and moves slowly relative to the time scale of the lattice distortion, the

charge-transfer dynamics can be significantly affected by the transient surface

deformation.

With the support of classical trajectory simulations, some groups have examined

the role of collision-induced surface deformations in the hyperthermal energy scattering

of heavy atomic projectiles on well-characterized surfaces.  Amirav et al. proposed a

multiple-collision model in which a 1 - 10 eV Xe atom struck a target atom, only to have

the target atom return and collide with the Xe projectile a second time.7  A similar

mechanism was proposed by Sosolic and Cooper in the scattering of 10 - 250 eV Rb+ on

Cu(001).8  Keller et al. investigated the neutralization of Na+ on Cu(001) at 7.5 and

50 eV.9  They proposed that the neutralization probability depended significantly on the

impact site and the ensuing trajectory; the most complex trajectories suffered large

energy losses and deformed the surface locally; these trajectories had charge-transfer

probabilities that were dramatically higher than the less obtrusive, single-scattering

trajectories.

In the present study, experiments are performed in which state-selected,

hyperthermal energy Br+(3P2) is targeted at a well-characterized Pt(111) surface.  The
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chosen scattering conditions are ideal for exploring how a transient deformation of the

surface significantly alters charge-exchange in ion-solid collisions.

The experimental configuration is described in detail elsewhere; thus, only a brief

description will be given here.10 Prior to the experiment, the platinum surface is prepared

by repeated cycles of Ar+ sputtering (500 eV, 6 µA ion beam directed 60˚ from the

surface normal; Ts = 300K) and annealing (Ts = 1175K).11 A doubly differentially-

pumped, pulsed molecular beam delivers Br2(g) into the ultrahigh vacuum (UHV)

scattering chamber (P < 4x10-10 Torr). Single-color ultraviolet photodissociation of Br2,

followed by 2 + 1 resonance-enhanced multiphoton ionization (REMPI) at λ = 277.19

nm, produces Br+ in the 3P2 electronic state (84% population).12,13  The state-selected

Br+(3P2) ions are extracted, accelerated, mass-selected, and finally decelerated to 10 – 105

eV (1 eV FWHM) before colliding with the clean Pt(111) surface. The pulsed ion beam

typically delivers ~102 Br+(3P2) ions per laser shot (20-Hz repetition rate), corresponding

to a time-integrated exposure rate of less than 10–7 Langmuirs per hour.  Consequently, it

is reasonable to assert that the Pt(111) surface is not significantly modified by the

impinging Br+(3P2) ions during the course of the experiment.

The incident and scattered ions are monitored with a novel ion-imaging detector,

specifically designed to afford mass-, angle-, and velocity-resolution with near single-ion

detection efficiency.14  The spatial distribution of ions is recorded on a CCD camera at a

particular instant in time.  The digitized image reflects the ions’ two-dimensional velocity

distribution in the scattering plane.  The imaging detector is positioned along the ion-

beam axis, collinear with the surface normal.  The solid angle over which ions are

collected is ± 28˚ (in-plane) and ± 7˚(out-of-plane) relative to the surface normal.  This
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normal-incidence/normal-detection scattering geometry enables the detector to collect

incident Br+ ions and scattered ionic products on alternating laser shots.  In this way, a

relative ion yield is calculated from the number of collected product ions, integrated over

all velocities within the acceptance angle of the detector, divided by the number of

incident ions.  Across the 10 – 105 eV range of impact energies, Br– is the sole scattered,

ionic product observed.  Furthermore, only Br– in its ground electronic state, 1S0, is stable

against autodetachment; therefore, the scattering experiment resolves the state-to-state

transformation of Br+(3P2) to Br–(1S0) on Pt(111) at Ts= 300K.

Figure 1 demonstrates the extreme sensitivity of Br–(1S0) emergence to the kinetic

energy of incident Br+(3P2).  The most intriguing feature is the sharp resonance near

26 eV.  At the peak of the resonance, the relative yield of Br–(1S0) products equals 2.8%

of the incident Br+(3P2) reactants.  From the recorded angular distribution of the scattered

Br–(1S0) signal, it is predicted that only 40% of the emergent product ions are collected

within the solid angle element of the detector.  Consequently, the absolute yield of

Br–(1S0), integrated over all scattering angles and velocities, is estimated to be 7% of the

incident 26 eV Br+(3P2) ions. Surprisingly, the Br–(1S0) yield drops by an order of

magnitude when the kinetic energy of incident Br+(3P2) is increased by only 20 eV.

Further, the Br–(1S0) yield gradually increases when the incident energy exceeds 55 eV.

Figure 2 shows the dependence of the scattered Br–(1S0) translational energy on

the incident Br+(3P2) energy.  Again, two different scattering regimes appear in the data.

For incident energies greater than 55 eV, the mean translational energy of scattered

Br–(1S0) is 5.4% of the Br+(3P2) kinetic energy.  However, for incident energies below
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55 eV, the final kinetic energy of Br–(1S0) is augmented by as much as 1 eV when

compared to the linear trend found for impact energies above 55 eV.  This enhancement

in the scattered Br–(1S0) kinetic energy occurs across the same range of incident energies

as the resonance appearing in Fig. 1.

The connection between the data in Figs. 1 and 2 is most revealing.  For example,

a comparison of the scattering behavior for 34 eV and 54 eV Br+(3P2) indicates that in

both cases, the scattered Br–(1S0) products leave the surface with a mean energy of

2.8 eV. If the final charge-state depends only on the outgoing velocity, then both

scattering conditions should produce a similar anion yield.  Yet, the relative yield for

34 eV Br+(3P2) is a factor of thirty larger than the relative yield for 54 eV Br+(3P2).

Alternatively, if one judged that the incident velocity should be important in determining

the degree of surface penetration and hence the probability for electron capture, then

conventional charge-transfer wisdom might lead one to predict incorrectly that the faster

projectile should exhibit the greater anion yield.  The experimental data underscore the

importance of considering the entire scattering trajectory when examining charge-transfer

behavior.

The drop in the Br–(1S0) yield above 26 eV could be attributed to the onset of

implantation.  However, the threshold for implantation on the close-packed Pt(111)

surface is expected to be higher than the penetration threshold for Kr+ impinging on

graphite [48 eV] or on W(100) [100 eV]; furthermore, the precipitous drop in the anion

yield is uncharacteristic of the rate at which implantation increases with impact

energy.15,16
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A more plausible explanation for the resonance feature focuses on the temporal

response of the lattice to the impulsive collision. A 26–eV incident Br+(3P2) projectile

rapidly dumps approximately 27 eV of translational and electronic energy into a localized

region of the surface.17  The impulse travels as a shock wave into the lattice and is

eventually dissipated.18  Preliminary classical trajectory calculations suggest that on the

time scale of the collision (~200 fs), the near-surface region is transiently distorted into

an indentation followed by a protrusion. This lattice deformation can significantly perturb

the local electronic structure of the surface proximate to the point of impact.

Local effects have been shown to strongly influence charge-transfer dynamics.19,20

Taylor and Nordlander demonstrated that the level-width (a measure of the tunneling

rate) for electron transfer is significantly modulated by the lateral position of a Li

projectile atom above a corrugated Al(001) surface.21 Silva et al. modeled the electron

attachment rate for atomic hydrogen and fluorine projectiles striking a vacancy site on

Al(111).22  They reported that the electron is repelled by the vacancy, thus destabilizing

the affinity level near the vacancy site relative to a defect-free region of the surface.

Additionally, the investigators noted that the level-width is significantly reduced

proximate to the vacancy site. In contrast, the same authors calculated that an Al adatom

on the Al(111) surface qualitatively exhibits the opposite effect as that calculated for a

vacancy site.23  In the experiments of Keller et al., it was noted that Na projectiles

scattering from Cu(001) had neutralization probabilities differing by a factor of seven,

depending on the type of surface collision.9  The Cornell group argued that the trajectory-

dependent charge-transfer probability could be traced to the way in which the lattice is

deformed by the collision.  By employing a static dipole approximation to simulate the
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collision-induced vacancy site, the authors’ charge-transfer model achieved qualitative

agreement with the data.

The localized perturbations to charge transfer cited above are significant;

however, the investigators all treated the surface defect statically, i.e., the lattice was

assumed to be rigid.  In the present experiments, the collision-induced deformation of the

surface is transient and evolves on the time scale of the projectile’s interaction with the

surface.  The velocity with which scattered Br–(1S0) asymptotically departs from the

Pt(111) surface is 1 Å per 45 fs, when Br+(3P2) is incident at 26 eV. Considering that

charge transfer will occur as long as the particle is within a few Å of the surface, it is

reasonable to expect that the ion/surface interaction time will extend over a period of a

couple hundred fs after the point of impact.  This is ample time for the lattice deformation

to undergo a partial oscillation, wherein the escape trajectory of the projectile is

coherently phased with the large-amplitude motion of the surface atoms.

Electron attachment preferentially involves electrons propagating along the

surface normal, because the tunneling barrier between the surface and the projectile is

narrowest in this case.24,25  Yet the electronic structure of static Pt(111) features a

projected band gap at the Γ -point extending from the Fermi level to the vacuum level.26

The projected band gap arises from the void in k-space of wavefunctions carrying zero-

momentum parallel to the surface.27  A distortion of the lattice will locally perturb the

electronic states near the band gap region, especially the sp-derived surface resonance

lying 0.2 eV below the Fermi level.28  Because the transient deformation of the lattice

occurs on a time scale that is slow compared to electron reorganization, the surface

electron occupancies are predominantly expected to adiabatically track the nuclear
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motion.   Nevertheless, nonadiabaticity will generate electron-hole pairs proximal to the

impact site.  Hot electrons (with energies above the Fermi level) excited by the violent

collision may enhance electron capture by efficiently coupling with the projectile’s

affinity level.  It is expected that the lifetime of a hot electron on Pt(111) will exceed that

measured for Cu(111) [20 – 35 fs], because the dominant d- versus s-character of Pt

contributes to a greater density of states near the Fermi level.29

We postulate that the anomalous enhancement in the Br–(1S0) yield for 26 eV

incident Br+(3P2) is caused by a localized perturbation (to the electronic structure, state

occupancies, and charge-transfer couplings) induced by the collisional distortion of the

lattice.  At the peak of the resonance, the transient surface deformation (and its associated

electronic perturbation) occurs at an optimal phase relative to the projectile’s departure

from the surface.  In addition to considering factors affecting the electron capture

process, an equally important issue in Br– emergence concerns the potential transfer of

the electron back to the surface along the outgoing trajectory.  Electron loss is

energetically favored, because the surface work function exceeds the electron affinity of

isolated Br by 2.6 eV.  Nonetheless, the projected band gap for Pt(111) can impede

electron loss significantly, if there are no resonant states in the metal to couple with the

atom’s affinity level.25  Once again, the synchronization of the lattice deformation with

the projectile’s exit trajectory is critical to fully treating the time-dependent couplings

responsible for electron loss.

The Br/Pt(111) system exhibits an unprecedented resonance in the electron-

transfer dynamics. The conditions leading to this phenomenon are critically sensitive to

the timing with which the Br projectile scatters from the surface and the transient
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response of the lattice to the impulsive collision.  It is worth speculating on why a

resonance appears in this study when it has not been observed in any other.  First, the

unconventional experimental configuration (normal incidence/normal detection)

employed here is ideally suited for probing local effects in scattering.  Second,

synchronizing the lattice distortion to the motion of the scattered particle requires that the

projectile be relatively massive and that it strikes the surface at a low velocity (8 km/s or

0.004 au in the present case).  Third, charge transfer is most sensitive to the scattering

conditions in systems where the affinity level crosses the Fermi level near the classical

turning point of the trajectory.  Clearly, realistic theoretical simulations are needed to

fully characterize the mechanism leading to the resonance phenomenon.  To further

explore the generality of the resonance, more experiments are warranted on various metal

surfaces, where the electronic structure, acoustic properties, crystallographic orientation

and surface temperature can be systematically varied.  Furthermore, it remains to be seen

whether this intriguing phenomenon persists for other projectiles – both molecular and

atomic.

Support from the National Science Foundation (CHE99-86374) is gratefully

acknowledged.
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Figure Captions

Figure 1   Relative yield of scattered Br–(1S0) product versus kinetic energy for Br+(3P2)

incident on Pt(111).  The curve is drawn to guide the eye.

Figure 2   Mean translational energy of scattered Br–(1S0) product as a function of kinetic

energy of incident Br+(3P2).  A linear relationship is observed for incident energies

greater than 55 eV.
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