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Kinetic electron emission from the selvage of a free-electron-gas metal
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Coincident measurements of projectile energy loss and kinetic electron emission yield for grazing scattering
of 150 eV/amu to some keV/amu neutral hydrogen and helium atoms from an atomically clean and flat Al~111!
surface allow us to correlate electron emission and inelastic interaction mechanisms at a metal surface. Our
data show evidence for a threshold behavior of kinetic electron emission which is interpreted by energy
transfer in binary encounters of projectiles in the electron selvage of a quasi-free electron gas. Contributions of
electron emission to projectile energy loss are found to be negligibly small.
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Ionization of atoms, molecules, and complex matter
impact of particles~electrons, atoms, and ions! is of funda-
mental interest and relevant for many practical applicatio
Since first treatments of electron-impact ionization of ato
by Thomson,1 numerous authors have considered the ioni
tion process in a basically classical way, e.g., Thoma2

Gryzinsky,3 or Kingston.4 This led to semiempirical ioniza
tion formulas used in atomic and plasma physics.5,6

For ionization of solids, one distinguishes between t
mechanisms~1! kinetic electron emission~KE! mediated by
the kinetic energy of the projectile and~2! potential electron
emission~PE! induced by the internal energy of excited
ionized projectiles.7,8 In reference to gas-phase collision
mentioned above, it is tempting to ask to what extent the
process may be described by classical concepts, apart
the KE threshold that corresponds to the minimum-ene
transfer of projectiles to electrons in a solid to reach vacuu
Such a classical treatment is probably most appropriate
metals that can be described as a free-electron sys
~jellium!.9 Here the threshold of projectile velocityv th for
KE is derived by assuming maximum-energy transfer
atomic projectiles to free electrons of the metal with Fer
energyEF ~velocity vF) in order to overcome the surfac
work functionW8

v th5
vF

2
@~11W/EF!1/221#. ~1!

Experimental studies on the threshold behavior of KE
impact of light ions were not conclusive with respect tov th
so far.8 Aside from uncertainties inherent in the separation
contributions from PE to electron yields by using ioniz
projectiles, KE may be caused by several oth
mechanisms,8,10 in particular, for heavier atomic projectile
by electron promotion in close collisions with target ato
cores.11 A specific technical problem for a reliable determ
nation of v th concerns small electron yields as low asg
<1023 electrons/projectile which are extremely difficult
obtain from measurements of ion and electron current12

Furthermore, KE induced by impact of atomic projectiles
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accompanied by~electronic! excitation of the target which
cannot be elucidated by KE measurements only.

In this paper, we report on studies on the threshold beh
ior of KE for grazing incidence scattering of fast neutr
hydrogen and helium atoms from an Al~111! surface. For this
specific collision geometry, scattering of projectiles procee
in the regime of planar surface channeling13–15 with well-
defined trajectories and in terms of specular reflection a
distance of some a.u.~atomic units! in front of the topmost
layer of surface atoms. Projectiles interact with electrons
the selvage of the surface only and their energy loss can
used to monitor the total inelastic interaction process
Thus, KE will be studied here by the detection of emitt
electrons in coincidence with scattered projectiles and th
energy loss. This allows us to correlate electron emiss
from and inelastic processes in the selvage of a free-elec
metal in order to gain deeper insights into the microsco
interaction mechanism. The technique was successfully
plied in studies of scattering of atoms and ions from surfa
of ionic crystals with wide-band gaps, where the formati
of negative ions was revealed as common precursor for e
tron emission and excitations of valence-band electrons
cated at halogen sites~surface excitons!.16,17

In our experiments, neutral H° and He° projectiles w
energies ranging from 150 eV/amu to some keV/amu
scattered from a well prepared atomically clean and
Al ~111! surface under a grazing angle of incidence 0
<F in<2°. Time-of-flight ~TOF! spectra for projectiles re
flected from the surface are recorded in coincidence w
electron multiplicities for each scattering event by means
an electron number detector@surface-barrier detector~SBD!
biased to125 kV, detector pulse heights proportional
electron number ejected per projectile impact
surface12,18#. Chopped beams of fast H° and He° atoms~neu-
tralized in gas target! hit the sample under high index~ran-
dom! azimuthal orientation, and specularly reflected proje
tiles are recorded 1.38 m behind the target by means
channel-plate electron multiplier. Electrons emitted from t
Al surface are collected by a weak electric field owing to
bias of some 10 V applied to a highly transparent grid ab
1 cm in front of the target. The target surface is kept at a b
©2003 The American Physical Society05-1
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pressure of some 10211 mbar and at room temperature. A
detailed in a recent paper,19 the coincident detection of pro
jectile energy loss with number of emitted electrons
achieved by relating the TOF signals to the pulse height
the SBD. Since the efficiency for detection of electrons
our setup is close to 1, corrections on electron number s
tra can be neglected here.

As an example of coincident TOF and electron num
spectra, we show in Fig. 1 a two-dimensional contour p
for scattering of 1.5 keV H° atoms from Al~111! underF in
51.88°. The measurements reveal two prominent peaks
lated to the emission of a specific number of electrons~hori-
zontal axis!: left peak, events withno emission of electron
~width given by noise spectrum of SBD!; second peak,
events with emission ofone electron. A weak peak at th
right stems from events for two electrons emitted. The v
tical axis represents from top to bottom increasing flig
times ~energy loss!. The spectra provide complete inform
tion on the inelastic processes in terms of a variant of tra
lation energy spectroscopy, well established in gas-ph
collisions.20

In Fig. 2, we display projections of the spectra from F
1 onto the TOF axis separated with respect to specific n

FIG. 1. Contour plot of TOF signal vs SBD pulse height for 1
keV H° atoms scattered from Al~111! with F in51.88°.

FIG. 2. Energy loss spectra for emission of no~full circles! and
one ~open circles! electron from data shown in Fig. 1.
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ber of emitted electrons: no electron~full circles! and one
electron~open circles!. Note that in comparison to a recen
work using wide-band-gap insulator targets, no discr
structures in the TOF spectra16,17,19can be identified for the
metal target. Here the projected TOF spectra integrated o
the pulse heights related to the emission of no and one e
tron show a mutual energy shift of about 8 eV. The additio
energy loss associated with the emission of an electro
ascribed to the transfer of projectile energy to one cond
tion electron in order to overcome the surface potential a
to reach vacuum~see also below!. This energy shift is much
smaller than the mean projectile energy loss of about 200
for this case. The total electron yield~derived from integra-
tion of spectra for specific SBD pulse heights! amounts to
g'0.2, so that electron emission requires a negligible fr
tion of the dissipated projectile energy here~about 1% of
total projectile energy loss!.

The different behavior of projectile energy loss and to
electron yield is demonstrated in Fig. 3 from plots as a fu
tion of projectile energy for scattering of H° atoms fro
Al ~111!. A striking feature in comparing the two datasets
the indication of a kinetic threshold for electron yields whi
is absent for projectile energy loss. An analysis on projec
stopping showing a weak dependence on angle of incide
is consistent with the established relation of the electro
stopping power2dE/dx;v. In response theory, the dom
nant mechanism for projectile energy loss is described
scattering of conduction electrons in the screened poten
of the projectile.21 The excitation of Fermi electrons is ex
pected to have a very low kinematic threshold. Indeed
finite DE is found in our experiments down to projecti
energies, where total electron yieldsg have already become
close to zero.

We performed detailed studies on the threshold beha
of electron emission for He° projectiles that are better
handle with our setup at lower energies. The technique u
here has been demonstrated with insulator targets to ob
reliable g as low as about 1025.17,19 For scattering from
metal targets, the energy distributions for scattered atoms
broader and have smaller relative shifts~cf. Fig. 2! between
specific electron numbers than observed with insulator

FIG. 3. Total electrons yields~full circles! and mean energy los
~open circles! as a function of projectile energy for scattering of H
atoms from Al~111! underF in51.88°.
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gets. As a consequence, it is more difficult at lowg to correct
for cross talk from the dominant TOF spectrum coincide
with emission of no electron to the TOF spectrum for em
sion of one electron. Therefore, the absolute uncertaintie
the determination of very low total electron yields are es
mated here to typically about 1025. To our knowledge, this
level of sensitivity has not been achieved in experiments
far.

In Fig. 4, we display total electron yields for impact
He° atoms~full circles! as a function of projectile velocity
which show within the limits of the experiment evidence f
a kinetic threshold. The solid curve in Fig. 4 represents
best fit to a simple classical model of electron emission fo
free-electron metal, where emission near threshold is
sumed to result from a transfer of energy from projectiles
electrons in binary head-on collisions. Due to the vastly d
ferent masses of projectile~M! with initial momentumMvW

5M (v i ,vz)'M (v,0) and electron (me) with kW5(ki ,kz),
the final electron momentum isk8W5(2ki ,kz)1qW with qW
52me(v,0). The density of occupied electronic states in
free-electron metal is represented in momentum space by
‘‘Fermi sphere’’ of radiuskF ~Fermi momentum!.

Electrons with initial states within the Fermi sphere c
be ejected to vacuum, when the conditionkW82/2me5(kWF

1qW )2/2me>EF1W holds, resulting in a threshold for mo
mentum transfer to vacuumqth52mev th , with v th given by
Eq. ~1!. For maximum-energy transfer, electrons are exci
parallel to the direction of incident projectiles~elastic-
scattering events ensure emission to vacuum!. The phase
space available for electron emission is given by occup
metal states that fulfill the conditionuk8W u>kF1qth . This
condition can be visualized in momentum space by a Fe
sphere shifted with respect to its origin by momentumqW
where the Fermi-sphere volume outside of a sphere of ra
kF1qth represents the density of states with vacuum en
gies. As outlined in detail in a forthcoming paper, one c
derive from simple geometrical arguments relative total el
tron yields near threshold

FIG. 4. Total electron yields as function of projectile energy
He° ~full circles! atoms scattered from Al~111! underF in51.88°.
Solid curve: model calculations as outlined in text. Inset: verti
scale enlarged by factor of 20.
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2/v th!~v2v th!2. ~2!

The solid curve in Fig. 4 represents the best fit of the d
by Eq. ~2! with a proportionality factor andv th as param-
eters. For an Al~111! surface with work function W
54.29 eV50.157 a.u. ~Ref. 22! and Fermi energyEF
510.6 eV50.389 a.u.,23 we derive from Eq.~1! v th50.082
a.u. and a projectile energyEth5167 eV/amu. Such a
threshold is consistent with the data shown in the inset, h
ever, from our fit we obtainv th50.112 a.u. This result can
be explained by the decay of electron densityne in front of
the surface. For our scattering conditions, the distance
closest approach amounts to about 3 a.u.,15 where the density
of conduction electrons and therewithvF are considerably
smaller than the respective bulk properties. Our value forv th
corresponds to a reduction ofvF to 65%, in good agreemen
with calculations ofne for an Al surface showing about 25%
of the bulk density at 3 a.u. (vF;ne

1/3).24 The small fraction
of projectiles showing a lowerv th ~cf. inset of Fig. 4! is
attributed to trajectories affected by surface defects~steps,
etc.!, where electron densities are close to bulk values.

From the difference of the mean projectile energy los
related to emission of one and no electron~cf. Fig. 2!, we
deduce mean energies transferred to electrons ejected
vacuum as plotted for He° projectiles in Fig. 5. Note th
these energies are close to the target work function of 4
eV so that electrons emitted to vacuum possess energie
typically eV only.

The solid curve in Fig. 5 represents calculations using
binary encounter model, where, for a given momentumq,
phase space for electron emission with kinetic energyEe

5meve
2/2 in vacuum results from the overlap of the surfa

of a sphere of radius (kF1qth1meve) with the volume of
the shifted Fermi sphere~see above!. From this overlap as
function ofEe we compute mean electron energies as plot
in Fig. 5 which are in quantitative agreement with expe
ment.

l

FIG. 5. Mean electron energy transfer as a function of projec
energy for He° atoms scattered from Al~111! under F in51.88°.
Solid curve: model calculations~details see text!.
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In conclusion, for kinetic electron emission of fast H° a
He° atoms during grazing impact on Al~111! we find evi-
dence for a threshold behavior. The threshold behavior
be described by a purely classical model of energy tran
from projectiles to electrons in binary encounters in a fr
electron gas. As a specific feature of grazing surface sca
ing we find that the threshold is related in a consistent m
ner to the reduced electron density in the selvage of the m
surface. The clear-cut different energy dependence of
projectile energy loss in comparison to the electron emiss
yield may be understood by the small excitation energies
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