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Anomalous charge-transfer behavior in the scattering of hyperthermal
Br¿„3P2… on Pt „111…
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~Received 8 August 2002; accepted 23 October 2002!

In contrast to conventional charge-transfer theory, the scattering of state-selected Br1(3P2) on
Pt~111! shows a dramatic enhancement in the yield of Br2(1S0) at an impact energy of 26 eV.
Coincident with this resonance, the Br2(1S0) 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. ©2002 American Institute of Physics.@DOI: 10.1063/1.1529687#
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Hyperthermal energy~5–500 eV! ion–surface interac-
tions have gained considerable attention because of their
evance to numerous applications, ranging from plasma
cessing in the microelectronics industry to the degradatio
spacecraft materials in low-earth orbit.1 Of fundamental in-
terest are the diverse reaction pathways accessible to the
surface system when the energy of the collision greatly
ceeds that encountered under thermal conditions.2

The majority of ion/surface scattering experiments ha
involved light atomic projectiles striking crystalline targets
keV impact energies.3 Theoretical models, such as th
Anderson–Newns formalism, are often employed to qua
tatively treat resonant charge–exchange during scattering4 If
the projectile’s affinity level becomes resonant with occup
states of the substrate along the inbound trajectory, ra
charge transfer will typically allow the projectile to reac
and track its equilibrium charge state. Nevertheless, al
the outgoing trajectory, the charge transfer rate diminis
rapidly, and the charge on the projectile eventually becom
‘‘frozen.’’ 5 For negative ion emergence, a simplified ‘‘free
ing distance model’’ predicts that the yield of scattered
ions will increase dramatically with increasing ex
velocity—in agreement with experiment.6,7

Implicit to conventional charge-transfer theory is t
simplifying approximation that the surface electronic stru
ture is not significantly perturbed by the impulsive collisio
This assumption is justified in the case where a light proj
tile strikes a heavy target atom. Under these conditions,
scattered particle leaves rapidly before the lattice has tim
respond to the impact. Furthermore, because the majorit
scattering experiments have involved oblique angles of in
dence and detection, the projectile’s final charge state
thought to be determined after the particle has traversed
erally from the original impact site to an unperturbed reg
of the surface. Notwithstanding, the displacement of surf
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atoms, such as that created in a violent collision, may loc
perturb the electronic structure of the solid target.8,9 If the
projectile departs along the surface normal and moves slo
relative to the time scale of the lattice distortion, the char
transfer dynamics can be significantly affected by the tr
sient surface deformation.

With the support of classical trajectory simulation
some groups have examined the role of collision-induc
surface deformations in the hyperthermal energy scatte
of heavy atomic projectiles on well-characterized surfac
Amirav et al.proposed a multiple-collision model in which
1–10 eV Xe atom struck a target atom, only to have
target atom return and collide with the Xe projectile a seco
time.10 A similar mechanism was proposed by Sosolic a
Cooper in the scattering of 10–250 eV Rb1 on Cu~001!.11

Keller et al. investigated the neutralization of Na1 on
Cu~001! at 7.5 and 50 eV.12 They proposed that the neutra
ization probability depended significantly on the impact s
and the ensuing trajectory; the most complex trajectories
fered large energy losses and deformed the surface loc
these trajectories had charge-transfer probabilities that w
dramatically higher than the less obtrusive, single-scatte
trajectories.

In the present study, experiments are performed in wh
state-selected, hyperthermal energy Br1(3P2) is targeted at a
well-characterized Pt~111! surface. The chosen scatterin
conditions are ideal for exploring how a transient deform
tion of the surface significantly alters charge-exchange
ion–solid collisions.

The experimental configuration is described in det
elsewhere; thus, only a brief description will be given here13

Prior to the experiment, the platinum surface is prepared
repeated cycles of Ar1 sputtering~500 eV, 6mA ion beam
directed 60° from the surface normal;Ts5300 K) and an-
nealing (Ts51175 K).14 A doubly differentially-pumped,
pulsed molecular beam delivers Br2(g) into the ultrahigh
vacuum ~UHV! scattering chamber (P,4310210 Torr).
Single-color ultraviolet photodissociation of Br2 , followed
il:
7 © 2002 American Institute of Physics
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by 211 resonance-enhanced multiphoton ionizat
~REMPI! at l5277.19 nm, produces Br1 in the 3P2 elec-
tronic state ~84% population!.15,16 The state-selected
Br1(3P2) ions are extracted, accelerated, mass-selected,
finally decelerated to 10–105 eV~1 eV FWHM! before col-
liding with the clean Pt~111! surface. The pulsed ion beam
typically delivers;102 Br1(3P2) ions per laser shot~20-Hz
repetition rate!, corresponding to a time-integrated exposu
rate of less than 1027 Langmuirs per hour. Consequently,
is reasonable to assert that the Pt~111! surface is not signifi-
cantly modified by the impinging Br1(3P2) ions during the
course of the experiment.

The incident and scattered ions are monitored with
novel ion-imaging detector, specifically designed to affo
mass-, angle-, and velocity-resolution with near single-
detection efficiency.17 The spatial distribution of ions is re
corded on a CCD camera at a particular instant in time. T
digitized image reflects the ions’ two-dimensional veloc
distribution in the scattering plane. The imaging detecto
positioned along the ion-beam axis, collinear with the s
face normal. The solid angle over which ions are collecte
628° ~in-plane! and 67° ~out-of-plane! relative to the sur-
face normal. This normal-incidence/normal-detection scat
ing geometry enables the detector to collect incident B1

ions and scattered ionic products on alternating laser sh
In this way, a relative ion yield is calculated from the numb
of collected product ions, integrated over all velocities with
the acceptance angle of the detector, divided by the num
of incident ions.

Across the 10–105 eV range of impact energies, l
than 1025 of the incident Br1(3P2) ions scatter with their
positive charge intact. Facile neutralization along the
bound trajectory is followed, to a lesser extent, by a sec
electron capture to produce scattered Br2. For negative ion
formation on metal surfaces, there is no evidence to sug
that the two electron-transfer events are concerted or e
correlated.18 Because only Br2 in its ground electronic state
(1S0) is stable against autodetachment, the scattering exp

FIG. 1. Relative yield of scattered Br2(1S0) product vs kinetic energy for
Br1(3P2) incident on Pt~111!. The curve is drawn to guide the eye.
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ment resolves the state-to-state transformation of Br1(3P2)
to Br2(1S0) on Pt~111! at Ts5300 K.

Figure 1 demonstrates the extreme sensitivity
Br2(1S0) emergence to the kinetic energy of incide
Br1(3P2). The most intriguing feature is the sharp resonan
near 26 eV. At the peak of the resonance, the relative yield
Br2(1S0) products equals 2.8% of the incident Br1(3P2)
reactants. From the recorded angular distribution of the s
tered Br2(1S0) signal, it is predicted that only 40% of th
emergent product ions are collected within the solid an
element of the detector. Consequently, the absolute yield
Br2(1S0), integrated over all scattering angles and velo
ties, is estimated to be 7% of the incident 26 eV Br1(3P2)
ions. Surprisingly, the Br2(1S0) yield drops by an order of
magnitude when the kinetic energy of incident Br1(3P2) is
increased by only 20 eV. Further, the Br2(1S0) yield gradu-
ally increases when the incident energy exceeds 55 eV.

Figure 2 shows the dependence of the scatte
Br2(1S0) translational energy on the incident Br1(3P2) en-
ergy. Again, two different scattering regimes appear in
data. For incident energies greater than 55 eV, the m
translational energy of scattered Br2(1S0) is 5.4% of the
Br1(3P2) kinetic energy. However, for incident energies b
low 55 eV, the final kinetic energy of Br2(1S0) is augmented
by as much as 1 eV when compared to the linear trend fo
for impact energies above 55 eV. This enhancement in
scattered Br2(1S0) kinetic energy occurs across the sam
range of incident energies as the resonance appearin
Fig. 1.

The connection between the data in Figs. 1 and 2 is m
revealing. For example, a comparison of the scattering
havior for 34 and 54 eV Br1(3P2) indicates that in both
cases, the scattered Br2(1S0) products leave the surface wit
a mean energy of 2.8 eV. If the final charge-state depe
only on the outgoing velocity, then both scattering conditio
should produce a similar anion yield. Yet, the relative yie
for 34 eV Br1(3P2) is a factor of thirty larger than the rela

FIG. 2. Mean translational energy of scattered Br2(1S0) product as a func-
tion of kinetic energy of incident Br1(3P2). A linear relationship is ob-
served for incident energies greater than 55 eV.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tive yield for 54 eV Br1(3P2). Alternatively, if one judged
that the incident velocity should be important in determini
the degree of surface penetration and hence the probab
for electron capture, then conventional charge-transfer w
dom might lead one to predict incorrectly that the faster p
jectile should exhibit the greater anion yield. The experim
tal data underscore the importance of considering the en
scattering trajectory when examining charge-transfer beh
ior.

The drop in the Br2(1S0) yield above 26 eV could be
attributed to the onset of implantation. However, the thre
old for implantation on the close-packed Pt~111! surface is
expected to be higher than the penetration threshold for1

impinging on graphite@48 eV# or on W~100! @100 eV#; fur-
thermore, the precipitous drop in the anion yield is unch
acteristic of the rate at which implantation increases w
impact energy.19,20

A more plausible explanation for the resonance feat
focuses on the temporal response of the lattice to the im
sive collision. A 26-eV incident Br1(3P2) projectile rapidly
dumps approximately 27 eV of translational and electro
energy into a localized region of the surface.21 The impulse
travels as a shock wave into the lattice and is eventu
dissipated.22 Preliminary classical trajectory calculation
suggest that on the time scale of the collision~;200 fs!, the
near-surface region is transiently distorted into an inden
tion followed by a protrusion. This lattice deformation ca
significantly perturb the local electronic structure of the s
face proximate to the point of impact.8,9

Local effects have been shown to strongly influen
charge-transfer dynamics.23,24Taylor and Nordlander demon
strated that the level-width~a measure of the tunneling rate!
for electron transfer is significantly modulated by the late
position of a Li projectile atom above a corrugated Al~001!
surface.25 Silva et al. modeled the electron attachment ra
for atomic hydrogen and fluorine projectiles striking a v
cancy site on Al~111!.26 They reported that the electron
repelled by the vacancy, thus destabilizing the affinity le
near the vacancy site relative to a defect-free region of
surface. Additionally, the investigators noted that the lev
width is significantly reduced proximate to the vacancy s
In contrast, the same authors calculated that an Al adatom
the Al~111! surface qualitatively exhibits the opposite effe
as that calculated for a vacancy site.27 In the experiments of
Keller et al., it was noted that Na projectiles scattering fro
Cu~001! had neutralization probabilities differing by a fact
of seven, depending on the type of surface collision.12 The
Cornell group argued that the trajectory-dependent cha
transfer probability could be traced to the way in which t
lattice is deformed by the collision. By employing a sta
dipole approximation to simulate the collision-induced v
cancy site, the authors’ charge-transfer model achieved q
tative agreement with the data.

The localized perturbations to charge transfer ci
above are significant; however, the investigators all trea
the surface defect statically, i.e., the lattice was assume
be rigid. In the present experiments, the collision-induc
deformation of the surface is transient and evolves on
time scale of the projectile’s interaction with the surface. T
Downloaded 16 Dec 2002 to 129.74.80.114. Redistribution subject to A
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velocity with which scattered Br2(1S0) asymptotically de-
parts from the Pt~111! surface is 1 Å per 45 fs, when
Br1(3P2) is incident at 26 eV. Considering that charge tran
fer will occur as long as the particle is within a few Å of th
surface, it is reasonable to expect that the ion/surface in
action time will extend over a period of a couple hundred
after the point of impact. This is ample time for the lattic
deformation to undergo a partial oscillation, wherein the
cape trajectory of the projectile is synchronously phased w
the large-amplitude motion of the surface atoms.

Electron attachment preferentially involves electro
propagating along the surface normal, because the tunne
barrier between the surface and the projectile is narrowes
this case.28,29 Yet the electronic structure of static Pt~111!
features a projected band gap at theḠ-point extending from
the Fermi level to the vacuum level.30 The projected band
gap arises from the void ink-space of wave functions carry
ing zero-momentum parallel to the surface.31 A distortion of
the lattice will locally perturb the electronic states near t
band gap region, especially thesp-derived surface resonanc
lying 0.2 eV below the Fermi level.32 Because the transien
deformation of the lattice occurs on a time scale that is s
compared to electron reorganization, the surface electron
cupancies are predominantly expected to adiabatically tr
the nuclear motion. Nevertheless, nonadiabaticity will gen
ate electron-hole pairs proximal to the impact site. Hot el
trons ~with energies above the Fermi level! excited by the
violent collision may enhance electron capture by efficien
coupling with the projectile’s affinity level. It is expecte
that the lifetime of a hot electron on Pt~111! will exceed that
measured for Cu~111! @20–35 fs#, because the dominan
d- versuss-character of Pt contributes to a greater density
states near the Fermi level.33

The resonance feature in Fig. 1 is moderated by the s
ond electron transfer event and not the first, because neu
ization is virtually complete in this system. We postulate th
the anomalous enhancement in the Br2(1S0) yield for 26 eV
incident Br1(3P2) is caused by a localized perturbation~to
the electronic structure, state occupancies, and cha
transfer couplings! induced by the collisional distortion o
the lattice. At the peak of the resonance, the transient sur
deformation~and its associated electronic perturbation! oc-
curs at an optimal phase relative to the projectile’s depar
from the surface. In addition to considering factors affecti
the electron capture process, an equally important issu
Br2 emergence concerns the potential transfer of the elec
back to the surface along the outgoing trajectory. Elect
loss is energetically favored, because the surface work fu
tion exceeds the electron affinity of isolated Br by 2.6 e
Nonetheless, the projected band gap for Pt~111! can impede
electron loss significantly, if there are no resonant state
the metal to couple with the atom’s affinity level.29 Once
again, the synchronization of the lattice deformation with t
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 res
nance in the electron-transfer dynamics. The conditions le
ing to this phenomenon are critically sensitive to the timi
with which the Br projectile scatters from the surface and
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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transient response of the lattice to the impulsive collision
is worth speculating on why a resonance appears in
study when it has not been observed in any other. First,
unconventional experimental configuration ~normal
incidence/normal detection! employed here is ideally suite
for probing local effects in scattering. Second, synchroniz
the lattice distortion to the motion of the scattered parti
requires that the projectile be relatively massive and tha
strikes the surface at a low velocity~8 km/s or 0.004 au in
the present case!. Third, charge transfer is most sensitive
the scattering conditions in systems where the affinity le
crosses the Fermi level near the classical turning point of
trajectory. Clearly, realistic theoretical simulations a
needed to fully characterize the mechanism leading to
resonance phenomenon. To further explore the generalit
the resonance, more experiments are warranted on va
metal surfaces, where the electronic structure, acoustic p
erties, crystallographic orientation and surface tempera
can be systematically varied. Furthermore, it remains to
seen whether this intriguing phenomenon persists for o
projectiles—both molecular and atomic.

Support from the National Science Foundation~CHE99-
86374! is gratefully acknowledged.
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