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Kinetic electron emission induced by noble gas atoms impinging at low �keV� energies on an Al�111� surface
under a grazing angle of incidence is studied by coincident time-of-flight and electron number spectroscopy.
We observe small but defined yields for electron emission � at impact velocities below the “classical” threshold
for kinetic emission of quasifree metal electrons. An analysis within the impulse approximation indicates that
subthreshold emission may serve as a probe for the local electron momentum distribution �Compton profile�
above the topmost layer of metal targets.
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Electron emission induced by heavy particles �ions, at-
oms� impacting on surfaces has been investigated in consid-
erable detail.1 Different ejection processes can be distin-
guished: potential emission �PE� by which the potential
energy of the projectile carried into the collision is converted
into electronic excitation in the continuum and kinetic emis-
sion �KE� by which part of the kinetic energy of the projec-
tile is imparted on target electrons, mostly in binary collision
events. For grazing incidence, separation of PE and KE con-
tributions, both present for ionic projectiles, has been
achieved.2 Investigations of pure KE require the use of neu-
tral atoms in their ground state for which PE is suppressed.

Interest in KE results, in part, from the fact that KE may
provide information on both the interaction process and
properties of the surface. For example, KE and �electronic�
stopping of atomic projectiles are closely interrelated, since
both processes comprise excitations of conduction electrons.3

Juaristi et al.4 found for normal incidence of projectiles that
the KE yield, �KE, is proportional to the stopping power at
low energies.3

In this paper we find evidence that KE induced by low-
energy neutral atom scattering at grazing incidence provides
information on the electron momentum spectrum �EMS� of
the local surface density of states �SDOS� above the surface.
EMS and measurements of the Compton profile is a well-
established technique for the bulk electronic structure em-
ploying photon-electron �� ,�e� scattering,5 high-energy
electron �e ,2e� scattering,6 and high-energy ion scattering.7

High collision energies are involved in order to assure that
the momentum transfer in the collision �k is large compared
to the width of the momentum profile �of the order of the
Fermi momentum kF�. Because of the large penetration depth
at high energies these methods are not surface sensitive. For
mapping out the SDOS above the surface only local nonpen-
etrating probes can be used which implies scattering with
normal energy E��10 eV. In turn, the energy for motion

parallel to the surface in grazing incidence is the projectile
energy of a few keV here. The key point of the sensitivity to
the Compton profile at such low energies is the existence of
a so-called “classical velocity threshold” for KE, derived
from a simple binary encounter model.8 For the occupied
conduction band represented by a quasifree electron gas with
Fermi velocity vF �kF in a.u.�, Fermi energy EF, and disper-
sion relation E�k�=k2 /2, the threshold projectile velocity for
KE is given by

vth =
vF

2
��1 + W/EF�1/2 − 1� , �1�

where W is the work function. For vp�vth the maximum
momentum transferred to the electron �2�vp+vF� is insuffi-
cient to impart an energy on the electron necessary to over-
come its binding energy W. This threshold behavior was con-
sistent with experiments for grazing impacts of H and He
atoms on Al�111�.9 However, corrections to Eq. �1� are to be
expected since the momentum distribution �Compton profile�
of the local SDOS near the Fermi edge �s�k� ,z ,EF� will, in
general, contain high-momentum components k�kF due to
the potential step near the surface, corrugation, and elec-
tronic correlations. Even a semi-infinite noninteracting jel-
lium features high momentum components due to the �sharp�
potential edge and broken translation symmetry along the
surface. These high-momentum components are oriented
along the surface normal �k�� and ineffective for increasing
the maximum energy transfer in collisions with a grazingly
incident projectile moving parallel to the surface �v�p �k���. In
order to map out small contributions of off-shell high-
momentum components �k2 /2�E� parallel to the surface,
large cross sections for binary electron-atom collisions are
required. They should become most clearly visible in the
subthreshold region �see Eq. �1�� when other on-shell pro-
cesses are suppressed.

PHYSICAL REVIEW B 72, 161402�R� �2005�

RAPID COMMUNICATIONS

1098-0121/2005/72�16�/161402�4�/$23.00 ©2005 The American Physical Society161402-1

http://dx.doi.org/10.1103/PhysRevB.72.161402


In our experiments we have scattered keV Ne and Ar
atoms �Ne, Ar ion fractions below 10−5� from an Al�111�
surface under a grazing angle of incidence �in of a few de-
grees where collisions with the solid proceed in the regime
of surface channeling10 �reflection from topmost surface
layer with defined trajectories�. Since the distance of the
closest approach is fairly large �zmin=3 a.u., as determined
from rainbow scattering11�, modifications of the target sur-
face are negligibly small. The large value of zmin also allows
us to exclude promotion of occupied quasimolecular
orbitals to vacuum in binary encounters between pro-
jectiles and target atoms as alternative mechanisms for
ionization of projectiles which would require for the present
systems zmin	1.5 a.u.12

A key feature of the experimental setup is the coincident
measurement of time-of-flight �TOF� spectra for projectiles
scattered from the surface with the number of emitted elec-
trons for each scattering event.13 From TOF spectra of neu-
tralized beams, a significant contamination by metastables
and thus electron emission by de-excitation of metastable
atoms at surfaces �Penning ionization� can be excluded. Scat-
tered projectiles are recorded 1.16 m behind the target by
means of a channelplate electron multiplier. Electrons emit-
ted from the surface are first collected via bias voltage of
some 10 V applied to a highly transparent grid and then
accelerated by +25 kV to the entrance of a surface barrier
detector �SBD�. SBD pulse heights are proportional to the
electron number ejected per projectile.14 The clean atomi-
cally flat target surface is kept at a base pressure in the mid
10−11 mbar range and is prepared by cycles of grazing sput-
tering with 25 keV Ar+ ions and annealing at about 500 °C.
The resulting surface roughness corresponds to a mean ter-
race width of about 1000 Å.15

For accurate measurements of � near the threshold for KE
�cf. Eq. �1�� one has to determine probabilities for the emis-
sion of zero �open circles� and one electron �full circles�,
shown in Fig. 1 for scattering of 3 keV Ne and 5 keV Ar
atoms under �in=2.2°. Solid curves in the figure result from
a smoothing procedure for data without electron emission;
dashed curves result from shifting these curves by a 5 eV
energy loss which is much smaller than the mean energy loss
itself. These shifted curves are intended to guide the eye for
comparison with the minimum amount of energy transferred
to a target electron necessary for electron emission �work
function of Al�111�W=4.3 eV�. Soft collisions with small
energy transfers to target electrons dominate the energy loss.
Only a small subset of violent collisions result in energy
transfers exceeding W.

Events with zero electrons are more probable by about a
factor of 100 compared to emission of one electron �both
spectra in Fig. 1 are shown in equal peak heights�. Integra-
tion over the spectra for emission of zero and one electron
�emission of more than one electron is negligible here� pro-
vides the probabilities for emission of i electrons; wi with
contributions from i=0 and i=1 only. The total electron
yields

� = �
n=0




wnn��
n=0




wn =
w1

w0 + w1
; �2�

for the two data sets shown in Fig. 1 amount to
�=0.004e− /atom �3 keV Ne atoms� and �=0.014e− /atom

�5 keV Ar atoms�. The two data sets were recorded at pro-
jectile velocities vp=0.077 a.u. �Ne� and vp=0.071 a.u. �Ar�
and thus below the threshold velocity vth=0.082 a.u. calcu-
lated from Eq. �1� using the bulk Fermi velocity of Al. The
key result of our studies is the observation of small but de-
fined total electron yields for KE below vth �see Fig. 2�.
Typical electron yields in the threshold region are smaller
than the ��0.05e− /atom which is substantially larger than

FIG. 1. Energy loss spectra for atoms scattered under a grazing
angle of �in=2.2° at Al�111� coincident with emission of zero
�open circles� and one electron �full circles�. Scales are normalized
to the same height at maximum. Solid curve; smoothed spline to
data related to the emission of zero electrons; dashed curve, solid
curve shifted by 5 eV; upper panel, 3 keV Ne atoms; lower panel,
5 keV Ar atoms.

FIG. 2. Square root of total electron yields 	�KE, as function of
projectile velocity vp for impact of Ne �open circles� and Ar �full
circles� atoms on Al�111� under �in=2.2°. Solid curve, present on-
shell impulse approximations for subthreshold emission �see text�
for Ar; dashed line is fit to data assuming the threshold law derived
in Ref. 15. Note that data for absolute yields for Ne are multiplied
by 4 �see text�.
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our detection limit for total electron yields of about 10−4.
In order to elucidate the near-threshold behavior we have

plotted in Fig. 2 �KE
1/2 as a function of projectile velocity for

the impact of Ne and Ar atoms on Al�111� under �in=2.2°.
This plot is motivated by the threshold behavior �KE��vp

−vth�2 deduced from phase space arguments for a free elec-
tron metal and observed for light projectiles.16 Above vth
experimental data rapidly approach this behavior. Small but
significant deviations are observed for vp	vth. Note that
projectiles interact with electrons of the selvedge in the re-
gion where the reduction of parallel momenta k� gives an
enhancement of vth compared to scattering within the bulk.

Our theoretical analysis invokes the on-shell approxima-
tion to the full impulse approximation.17 Accordingly,

d2�

dE d�

=
k�

vp



kmin

kmax

k dk

0

2


d� �el�q�2/2,cos �e��s�k�, zmin, EF� .

�3�

The approximative momentum distribution
�s�k� , zmin , EF� above the Al�111� surface at zmin and near the
Fermi edge EF was taken from Canney et al.18 with its dis-
tance dependence from the surface based on calculations
with the ABINIT code.19 Bulk calculations show a sharp
edge at the Fermi momentum kF=0.93 a.u. in the �111� di-
rection �along the surface normal� but tails towards higher
electron momenta in �100� and �110� directions. The attenu-
ation of high-momentum components of k� was calculated as
a function of the distance z from the topmost atomic layer.
High momentum components with k�kF=0.93 a.u. persist
for distances z as large as 5 a.u. The sharp edge for k� is
softened due to the breaking of translational symmetry at the
surface.

In Eq. �3�, �e denotes the polar angle of electron scattering
relative to the direction of the incoming electron as seen in
the rest frame of the atom, q� =k� −v�p. In binary encounter
approximation the on-shell approximation to the energy of
the incoming electron is taken to be Ee=q2 /2, at which the
elastic cross section is evaluated, that is, the initial binding is
neglected. The final momentum in the projectile frame is
denoted by q�� �with q��2 /2=q�2 /2� while the corresponding
lab frame quantity is denoted by k�� ·kmin and kmax denote the
boundaries of the interval within which contributions of k�
and scattering angles exist to yield a final state energy
E�=k�2 /2 in the laboratory frame. The elastic cross section
�el for scattering of conduction band electrons at noble gas
atoms is calculated nonperturbatively by a partial-wave
expansion20 using atomic potentials derived from Hartree-
Fock calculations.21 The strong interaction between the elec-
tron and the core of the projectile atom is thus taken into
account to all orders. The surface potential enters the primary
scattering process only via the initial-state momentum distri-
bution. The interaction with the surface potential plays, how-
ever, an important role when multiple scattering in secondary
collisions and transport of the liberated electron is consid-
ered. For energies relevant in the present context �electron

energy necessary to escape the target Emin=EF+W
15 eV�
only very few partial waves contribute to �el leading to a
single Ramsauer-Townsend minimum around 110° �see Fig.
3�. Most remarkably, large-angle backscattering for noble
gas atoms features a sizable cross section. The cross section
rapidly increases with atomic number and is for Ar at back-
ward angles ���120° � a factor of 4 larger than for Ne and a
factor 10–20 larger than for He.

The physics of subthreshold ionization by backscattering
of high-momentum components built into Eq. �3� is sche-
matically displayed in Fig. 4. As seen in the projectile
rest frame, the initial momentum distribution is displaced
by −v�p. The prime candidates for KE reside in the shaded
part of the initial momentum distribution �Fig. 4�a��. After
backscattering and transformation to the laboratory frame
�Fig. 4�b��, electrons with final momentum k� larger than
kmin� =	2�EF+W� �dashed circle� are energetic enough to be
released into vacuum. Direct emission into vacuum at angles
near 
 /2 is unlikely due to the small available phase space
volume �Fig. 4�b�� and, more importantly, due to the suppres-
sion of elastic scattering near 
 /2 �see Fig. 3�. The dominant

FIG. 3. Elastic cross sections for 15 eV electrons scattered off
Ar and Ne atoms in gas phase calculated by partial-wave analysis
using Hartree-Fock potentials �see Eq. �3��.

FIG. 4. Electron momentum distribution and backscattering,
schematically. �a� �initial state prior to scattering�, scattering geom-
etry and momentum distribution in the projectile rest frame; �b�
final momentum distribution in the laboratory �target� frame. Solid
line, final states with initial momentum k=kF.
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contribution stems from backscattering �	
�, where the
cross section has a local maximum and a sizable phase space
volume �shaded area in Fig. 4�b��. These electrons will un-
dergo additional �mostly elastic� scattering before escaping.

Due to the large transport mean free path of electrons in
metals for energies Ee�20 eV we assume an equal escape
probability for all electrons with final momenta larger than
k�=	2�EF+W�. The total KE yield is then proportional to
the phase space volume they occupy weighted with the cross
section to be scattered there. The solid curve in Fig. 2 shows
the subthreshold behavior of �KE for Ar projectiles normal-
ized to the experimental data in the above-threshold region
�vp�0.125–0.15 a.u.�. Remarkably, results for Ne yield an
almost identical velocity dependence with the absolute yield
�KE a factor 4 smaller. The latter is an immediate conse-
quence of the behavior of �el at backward angles �Fig. 3� and
is in excellent agreement with the experimental data �see Fig.
2�. We take this as strong evidence for the dominance of

backscattering at the origin of subthreshold KE.
In conclusion, we have presented measurements of elec-

tron emission at velocities of neutral rare gas projectiles be-
low its classical threshold for kinetic emission.8 We explain
the absence of a defined threshold by high-momentum com-
ponents in the local spectral density of states above the sur-
face. Large-angle scattering at the core of the neutral projec-
tile, treated within an on-shell impulsive approximation, and
transport out of the surface can account for the projectile
velocity dependence of the total yield of emitted electrons
�KE. The present results bear the potential to map out the
momentum distribution near the Fermi edge and above the
surface.
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