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We present experimental evidence for differences in surface energy losses between (a) electrons entering a
solid from vacuum and (b) electrons leaving the solid into vacuum. Although these so-called in-out asymmetries
have been long assumed to exist on theoretical grounds, the present work constitutes a clear experimental
observation of the phenomenon. The effect has been exposed by comparing reflection-electron-energy-loss
spectra of polycrystalline Al for pairs of conjugate scattering geometries where the directions of the source and
the detector were interchanged. Differences of up to 30% in the peak height of surface energy-loss features are
observed. The experimentally observed in-out asymmetry has been examined within the semiclassical dielectric
formalism using state-of-the-art models for surface scattering of charged projectiles. The theoretical analysis
suggests that in-out asymmetry effects are most accentuated for surface-crossing directions close to the surface
normal and for high kinetic energies, in good agreement with the observed behavior. The effect is assumed to be
present not only for electrons, but in principle for any charged particle.
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I. INTRODUCTION

With the advent of increasingly surface-sensitive tech-
niques such as near-field-emission scanning electron mi-
croscopy [1,2] and the widespread use of electron beams
in nanotechnology [3,4], detailed knowledge of fine-grained
details of the electrodynamics of charged projectiles near solid
surfaces is of increasing relevance, both from an applied
and from a fundamental point of view. In particular, a
sound understanding of the energy-loss process of incoming
projectiles near the surface is instrumental not only for
quantitative purposes in spectroscopy applications, but also
in better characterizing, e.g., growth conditions in electron-
beam-induced deposition of nanostructures and post-growth
treatments with electron beams [5,6]. In the present work
we address the differences in the energy-losses of charged
projectiles crossing a solid surface (1) from vacuum into the
solid and (2) from the solid into vacuum. Theoretical accounts
of the electronic stopping of charged projectiles near planar in-
terfaces often suggest in passing that these in-out asymmetries
exist [7–10]; very recently, an article has been published [11]
where in-out asymmetries in perpendicular surface crossings
were discussed on the basis of the semiclassical dielectric
formalism with a simplified single-pole dielectric function. In
spite of the acknowledged existence of the in-out-asymmetry
effect on theoretical grounds and of its longstanding history
in theoretical discussions, no direct experimental observation
of this asymmetry has been reported to date. Furthermore,
no detailed examination of the behavior of the effect as a
function of the projectile’s kinetic energy and surface-crossing

angle has been performed. State-of-the-art models of electron
transport through planar interfaces [8,10,12,13] include this
phenomenon and thus provide a valuable tool for finding
convenient scattering geometries to expose it experimentally.
In this article we examine the in-out asymmetry on the
basis of the semiclassical dielectric formalism, we discuss
its qualitative behavior as a function of the electron kinetic
energy and the surface-crossing angle, and we present a series
of experimental electron-energy-loss spectra, which clearly
exhibit the asymmetry, in good agreement with the behavior
expected from our theoretical analysis. The presented data
constitute a clear experimental evidence for the existence of
the effect.

It should be noted that exposing the in-out-asymmetry of
surface excitations experimentally is far from trivial. On the
one hand, because electrons can only be detected outside of
the solid, the experimental possibilities are restricted to either
reflection or transmission electron-energy-loss experiments.
Discriminating between incoming and outgoing trajectories
is possible in a reflection geometry by comparing reflection-
electron-energy-loss (REEL) spectra recorded for two conju-
gate scattering geometries, where the direction of the source
and the detector are interchanged [14]. Such an operation
is not possible in conventional transmission experiments,
which is why transmission experiments are discarded for the
present purposes. On the other hand, as we show below, the
in-out asymmetry is expected to be weak for oblique surface-
crossing angles. Thus, comparing (a) REEL spectra for a
scattering geometry having an oblique incidence direction and
a perpendicular detection direction with (b) REEL spectra for
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the conjugate geometry should result in a net observable effect
due to the asymmetry in the perpendicular surface-crossing
segments (see first paragraph of Sec. III). Furthermore, since
the in-out asymmetry in surface excitations is predicted to be
an overall subtle effect, it is convenient to choose a material that
exhibits well-separated surface and bulk energy-loss features,
such as Al, in order to avoid the use of multiple-scattering
deconvolution procedures, which might introduce additional
uncertainties in the results. For such materials as Al, the effect
should be visible in the raw REEL data with the bare eye. For
these reasons, we used REEL measurements of an Al sample
to expose the in-out asymmetry in surface excitations.

II. THEORY

A detailed account of the stopping of nonrelativistic charged
projectiles in the vicinity of a planar solid interface has
been recently published [10,15], based on the semiclassical
dielectric formalism. Within this formalism, the agent respon-
sible for the stopping of the projectile is the induced electric
field due to the polarization of the solid in response to the
presence of the swift charged projectile. This induced electric
field arises from a bulk polarization charge, which yields
the well-known bulk-stopping characteristics, and a surface
polarization charge, which on the one hand suppresses bulk
energy-loss modes (Begrenzung effect) and on the other hand
activates surface-excitation modes.

In this section we analyze the stopping power (average
energy loss per unit path length) of a charged projectile
in the immediate vicinity of a planar surface for different
kinetic energies and surface-crossing angles, focusing on
asymmetries between incoming and outgoing trajectories. We
base our discussion on the stopping power due to the fact
that it is at present difficult to obtain a combination of (a) a
dielectric-function model and (b) a surface-excitation model
that simultaneously yields a good position and width of the
surface-plasmon peak for Al [16]. We therefore restrict our
theoretical considerations to a qualitative description of the
observed phenomenon on the basis of an integrated quantity.

The geometry of the problem is depicted in Fig. 1. A
system of Cartesian coordinates is oriented so that the surface
of the medium is the plane z = 0 and the positive z axis
points toward the vacuum. The x and y axes are oriented
so that the trajectory of the projectile lies in the plane y = 0.

z

x⊗y
Z0e

d

v
η

ε(q, ω)

FIG. 1. Geometry of the transport problem in the vicinity of a
solid surface.

A projectile of charge Z0e moves with a velocity v (with
a corresponding kinetic energy E with respect to the Fermi
level) forming an angle η with the surface normal. Notice that
η < 90◦ corresponds to outgoing trajectories, whereas η > 90◦
corresponds to incoming trajectories. The z coordinate of the
position of the projectile with respect to the surface at a
time t is given by d = vzt . Thus, the projectile crosses the
interface at t = 0. The variable d is used instead of z to
retain consistency with Ref. [10]. Note that d > 0 indicates
the vacuum side of the surface and d < 0 indicates the Al side
of the surface. Furthermore, regardless of the value of η, for
t < 0 the projectile has yet to cross the surface, whereas for
t > 0 the projectile has left the interface behind.

Within the semiclassical model for surface excitations
presented in Ref. [10], the stopping power S of the charged
projectile in a homogeneous medium is given by

S = i

π
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v

∫ ∞
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q2

×
{

Z0

2π
δ(ω − q · v)

[
1

ε(q,ω)
− 1

]

+ ρs(q‖,ω)

[
�(d) − �(−d)

ε(q,ω)

]}
, (1)

where atomic units (� = me = e = 1) are used and where
�(d) is the Heaviside step function (1 if d > 0 and 0 if d < 0),
ε(q,ω) is the wavevector (q) and frequency (ω) dependent
dielectric function of the medium, and ρs(q‖,ω) is the Fourier
transform of the induced surface charge, discussed below.
Using the property ε(−q, − ω) = ε∗(q,ω) we have

S = − 2

π
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The semiclassical approximation consists in identifying �q
as the momentum transfer from the projectile to the medium
and �ω as the energy loss of the projectile. This implies that
the integrals should now be restricted to the kinematically
allowed domain: the integral over ω should be restricted to the
domain [0,E] and the integral over q should be restricted to
q = |q| ∈ [q−,q+], where, for electrons,

q± =
√

2E ±
√

2(E − ω). (3)

We furthermore make the assumption that the dielectric
function depends on the wavevector q only through its
modulus, that is, ε(q,ω) = ε(q,ω). The first term in the braces
of Eq. (2) then yields

SB = − 2

π

Z2
0

v2

∫ E

0
dω ω

∫ q+

q−
dq

1

q
Im

[
1

ε(q,ω)

]
, (4)

the well-known expression for the stopping of a charged
projectile in a bulk medium.
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The second term of Eq. (2) gives the contribution to the
stopping power due to the excitation of surface modes,

SS = − 2

π

Z0

v

∫ ∞

0
dω ω

∫
R3

dq
1

q2
Im

×
{
eit(q·v−ω)ρs(q‖,ω)

[
�(d) − �(−d)

ε(q,ω)

]}
.

Within the present model, the induced surface charge
reads [10]

ρs(q‖,ω) = Z0

2π

|vz|
q2

‖v2
z + (ω − q‖ · v‖)2

×
1

ε(q‖,ω) − 1∫ ∞
−∞ dkz

1
q2

‖ +k2
z

[
1 + 1

ε(q‖,kz,ω)

] . (5)

The integral in the denominator can be simplified by assuming
that ε(q,ω) ≈ ε(q‖,ω). This implies that the term in square
brackets in the denominator can be pulled out of the integral
and the remaining integral can be calculated analytically:∫ ∞

−∞
dkz

1

q2
‖ + k2

z

= π

q‖
. (6)

This approximation, carried out at this instance and at no
other point in the calculation, has been shown [10] to shift
the frequency and intensity of surface energy-loss modes,
but nevertheless still captures a realistic energy- and angular-
dependence of all surface characteristics. Thus, we have

ρs(q‖,ω) = Z0

2π2

q‖|vz|
q2

‖v2
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, (7)

and, therefore, with the semiclassical approximation we can
write

SS = − 1
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(8)

In our calculations we have used the following simple
oscillator model for the inverse dielectric function:

1

ε(q,ω)
= 1 − �2

p

Z1

n∑
j=1

fj

w2
j + q4

4 − ω2 − iγjω
, (9)

where

�p =
√

4πNZ1 (10)

is the plasma frequency of a free electron gas with NZ1

electrons per unit volume, Z1 is the atomic number of the
material, and ωj (eV), γj (eV), and fj (dimensionless) are
the frequency, damping parameter, and amplitude of the j th
oscillator, respectively. To model Al (Z1 = 13) we have used,
as a first approximation, a single oscillator with ω1 = 15 eV,
γ1 = 1.5 eV, fj = 3, and �p = 32.84 eV.
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FIG. 2. (Color online) Contribution to the stopping power due to
surface excitations, SS [Eq. (8)], of a 100-eV electron penetrating an
Al surface from vacuum (solid red curves) and leaving the Al surface
into vacuum (dashed blue curves) with an inclination of φ = 0◦ (upper
panel), 45◦ (middle panel), and 80◦ (lower panel) with respect to the
surface normal. The negative excursion in the Al side of the interface
corresponds to the suppression of bulk modes (Begrenzung effect).
The total stopping power, SS + SB , remains a positive quantity.

Figure 2 displays the surface contribution to the stopping
power, Eq. (8), as a function of the z coordinate of the
trajectory in the immediate vicinity of the interface (from
−15 Å to +15 Å) for a 100-eV electron traversing the interface
from vacuum into Al (red solid line, incoming) and from
Al into vacuum (blue dashed line, outgoing) for trajectories
with an inclination φ = 0◦ (top panel), 45◦ (middle panel),
and 80◦ (lower panel) with respect to the surface normal;
the actual surface-crossing angle η for the incoming and for
the outgoing trajectory is indicated in Fig. 2. A label in the
upper panel indicates the value of the bulk stopping power
SB in the material, Eq. (4). In the Al side of the interface
(d < 0), indicated by a light-gray shade in Fig. 2, the negative
contribution of the surface stopping power corresponds to the
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FIG. 3. (Color online) Same as described in the legend of Fig. 2
for E = 500 eV.

Begrenzung effect, i.e., to the suppression of bulk modes. The
total stopping power, SS + SB , remains a positive quantity. At
the vacuum side of the interface (d > 0) energy losses are due
to the excitation of surface modes only. We see that incoming
and outgoing trajectories indeed exhibit noticeable differences.
The area between the two curves is shaded in dark gray in
order to aid the eye in quickly assessing the magnitude of
differences in the stopping characteristics between incoming
and outgoing trajectories, i.e., the magnitude of the in-out
asymmetry. We find that in-out asymmetries are appreciable
for perpendicular surface crossings (upper panel of Fig. 2),
gradually diminish for increasing surface-crossing angles with
respect to the surface normal (middle panel of Fig. 2), and
finally vanish for grazing trajectories (lower panel of Fig. 2).
Figures 3 and 4 display the same quantities for 500-eV
and for 1000-eV electrons, respectively. Note that the in-out
asymmetry is enhanced for high kinetic energies. Thus, our
analysis suggests that in-out asymmetries are most accentuated
for high kinetic energies and for surface-crossing directions
close to the surface normal, in agreement with previous
studies [10].

-0.5

-0.25

0

0.25

-15 -10 -5 0 5 10 15
d (Å)

φ = 80◦ η = 100◦ (in)
η = 80◦ (out)

-0.5

-0.25

0

0.25

S
S

(e
V

/Å
)

φ = 45◦ η = 135◦ (in)
η = 45◦ (out)

-0.5

-0.25

0

0.25

0.5
E = 1000 eV

φ = 0◦

Al vacuum

η = 180◦ (in)
η = 0◦ (out)

SB = 0.84 eV/Å

FIG. 4. (Color online) Same as described in the legend of Fig. 2
for E = 1000 eV.

III. EXPERIMENT

Exposing the effect of in-out asymmetries experimentally
in REEL spectroscopy is possible by comparing pairs of
spectra where the position of the source and the detector
is interchanged, thus interchanging the incidence and emis-
sion directions. Such pairs of scattering geometries will be
called conjugate scattering geometries below. In a reflection
geometry, two surface crossings occur: a first one when
the probing electron enters the solid and a second one
when the probing electron leaves the solid. As discussed in
Sec. II, in-out differences are expected to be largest for nearly
perpendicular surface crossings. Thus, in order to maximize
in-out-asymmetry effects in REEL spectral features, it would
appear at first glance that both the source and the detector
should be aligned as close as possible to the surface normal.
However, interchanging the source and the detector, if both
of their angular positions lie very close to the surface normal,
implies that in-out differences in the incoming segment of the
trajectory effectively cancel in-out differences in the outgoing
segment. In order to expose the in-out asymmetry it is therefore
convenient to have one of the surface-crossing segments close
to the surface normal and the other as grazing as possible. For
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pairs of conjugate spectra, we therefore expect the effect of
the in-out-asymmetry to be most accentuated when the angle
θ between source and detector approaches 90◦.

The REEL measurements presented below were carried out
in an angle-resolved ADES-400 spectrometer (V.G. Scientific,
UK) equipped with an EGG-3101 electron gun (Kimball
Physics, Inc.), a hemispherical mirror electron energy an-
alyzer (HMA), a dual Al/Mg x-ray source, and an EFM-3
evaporator (Omicron NanoTechnology). In order to minimize
the effects of surface roughness, a thick 50-nm Al layer was
evaporated in situ on a Si-(111) wafer at an ultrahigh-vacuum
pressure of 4.1 × 10−10 mbar and at room temperature.
Indeed, atomic-force-microscopy measurements (Explorer
Thermomicroscopes, USA) performed on the sample ex
situ after completion of the measurements described below
revealed a root-mean-square surface roughness of 0.8-nm
height.

REEL spectra of the Al sample evaporated in situ were
acquired at a pressure of 4.1 × 10−10 mbar. At this pres-
sure, x-ray photoelectron spectroscopy and Auger-electron
measurements showed no traces of C or O contamination,
neither before nor after the measurements. Two primary
energies were considered, 500 and 1000 eV. The diameter
of the electron-beam spot on the sample surface was of
∼0.5 mm. The HMA was operated in fixed transmission-
energy mode at a pass energy of 20 eV, leading to an energy
resolution of 0.5 eV. The input aperture of the analyzer
was set to a diameter of 2 mm, leading to a half-cone
acceptance angle of 4.1◦. Figure 5(a) depicts the scattering
geometries accessible with the ADES-400 spectrometer. While

(a)

e−e−

sample

detector

(b)

e−e−θout = 20◦

θout = 70◦

θout = 80◦

θin = 0◦

(c)

e−e−

θout = 0◦

θin = 20◦

(d)

e−e−

θout = 0◦

θin = 70◦

(e)

e−e−
θin = 80◦

θout = 0◦

FIG. 5. (a) Angular degrees of freedom of the ADES-400
spectrometer; both the sample and the detector can be rotated in
the detection plane. (b) Scattering geometries considered in normal-
incidence measurements. (c)–(e) Scattering geometries considered
in normal-emission measurements, corresponding to the conjugate
geometries in normal-incidence mode.

the electron gun is in a fixed position, the sample can be
rotated along an axis perpendicular to the page, denoted by
an outgoing arrow tip with pivoting arrows, and the detector
can be rotated around the sample in the detection plane,
formed by the surface normal and the detection direction.
By rotating the sample and the detector, one can easily
access conjugate scattering geometries. The following were
considered:

(i) normal incidence (θin = 0◦) and emission angles θout =
{20◦,70◦,80◦}, Fig. 5(b), and

(ii) normal emission (θout = 0◦) and incidence angles θin =
{20◦,70◦,80◦}, Figs. 5(c)–5(e).

For angle-resolved measurements the electron-beam spot
on the sample surface must coincide with the center of rotation
of the HMA. The position of the electron-beam spot on
the sample was carefully aligned with the center of rotation
of the HMA using a laser-beam alignment technique. The
alignment was carried out separately for normal-incidence
and normal-emission geometry. During measurements with
normal incidence and varying emission angles, Fig. 5(b), the
sample position (and therefore the electron-beam spot on the
sample as well) is fixed and thus the alignment performed
for one emission angle is preserved for all emission angles.
During measurements with normal emission, Figs. 5(c)–5(e),
the sample is rotated. In these cases, the position of the
electron-beam spot on the sample was rechecked with the
aforementioned laser technique for each considered incidence
angle.

IV. RESULTS AND DISCUSSION

The experimental spectra are displayed in Fig. 6, grouped
in pairs corresponding to conjugate scattering geometries. Red
solid curves represent spectra for normal incidence (i), whereas
blue dashed curves represent spectra for normal emission (ii);
the angle θ is the angle between source and detector. Apart
from the single-scattering surface (energy loss �E = 10.4 eV,
1s) and bulk (�E = 15.3 eV, 1b) plasmon, multiple excitation
of plasmons can be discerned at 20.8 eV (2s), 25.7 eV (1b1s),
and 30.6 eV (2b). The spectra were normalized to the height
of the elastic peak. For bulk losses, which are independent
of position and of direction of motion for a polycrystalline
material, this normalization merely accounts for the fact that,
for a fixed primary energy, conjugate scattering geometries
lead to different backscattering probabilities [17]. Indeed,
after normalization, all conjugate REEL spectra are virtually
identical, with the exception of the surface plasmon peak,
which exhibits marked differences that increase with the angle
between the source and detector, as anticipated above. The fact
that these differences appear only for surface losses supports
the reliability of the experimental procedure and allows us to
interpret the different intensities in the surface-loss peaks as a
direct signature of the in-out asymmetry in surface excitations.
Indeed, the magnitude of this asymmetry increases as the
angle between source and analyzer increases (θ → 90◦), i.e.,
as a scattering geometry is attained where one of the in/out
segments is grazing and the other is parallel to the surface
normal (η → 0◦), as anticipated above.

The experimental spectra follow roughly the anticipated
energy behavior: for single perpendicular surface crossings
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FIG. 6. (Color online) Pairs of conjugate REEL spectra of Al measured with a primary energy of 500 eV (left) and 1000 eV (right),
normalized to the height of the elastic peak. Apart from the single-scattering surface (energy loss �E = 10.4 eV, 1s) and bulk (�E = 15.3 eV,
1b) plasmon, multiple excitation of plasmons can be discerned at 20.8 eV (2s), 25.7 eV (1b1s), and 30.6 eV (2b). Red solid (blue dashed)
curves correspond to spectra with normal incidence (emission). The angle θ is the angle between the source and the detector.

(lower two panels of Fig. 6), the net area difference between
surface features in spectra corresponding to incoming and
outgoing normal segments is larger for 1000 eV than for
500 eV. Finally, we note that the in-out-asymmetry effect is
by no means negligible: it amounts to experimentally observed
differences of up to 30% in the intensity of the surface-plasmon
peak in conjugate pairs of REEL spectra of Al. Thus, any
model used for a quantitative interpretation of REEL spectra
should capture the in-out asymmetry effect. Finally, we note
that for large angles between source and analyzer (lower panels
in Fig. 6) the low-energy-loss domain appears broader. This
effect seems to affect predominantly the surface-loss features
and therefore does not affect the present discussion on the
magnitude of in-out differences.

The energy- and angular-dependence exhibited by the
in-out asymmetry can be qualitatively understood as follows.
In the case of perpendicular trajectories, the induced electric
field has a single component along the direction of motion.

Thus, all in-out asymmetries translate directly into the induced
electric field and therefore into the surface-stopping charac-
teristics of the projectile. For oblique trajectories, the induced
electric field has an additional component perpendicular to the
direction of motion (which does no work on the projectile).
Thus, in-out asymmetries no longer affect a single component
of the stopping force, but distribute into the two components of
the induced electric field, resulting in the observed diminishing
of the in-out asymmetry.

The following counterintuitive fact is worthwhile noting.
Whereas the probability for surface excitations is proportional
to [18] 1/(

√
E cos η), i.e., proportional to the surface-crossing

time to a first approximation [19], the importance of in-out-
asymmetry effects scales inversely: it is accentuated for high
energies and surface-crossing directions close to the surface
normal. Thus, the indicators we have given above to estimate
the importance of the in-out-asymmetry effect should be taken
as approximate guidelines.
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V. CONCLUSIONS

We have presented a series of REEL spectra of polycrys-
talline Al, which exhibit an in-out asymmetry in the surface
energy-loss characteristics. The effect is qualitatively under-
stood on the basis of the semiclassical dielectric formalism
after a systematic study of the energy- and angle-dependence
of the stopping power in the very vicinity of the interface,
focusing on differences between incoming and outgoing
trajectories. A minor mathematical simplification has been
made to somewhat alleviate the calculation, resulting in a
slight distortion of the energy and intensity of surface modes,
but nevertheless retaining the essential energy- and angular
dependence required for the present qualitative analysis. We
verify and justify the known fact that in-out asymmetries
are enhanced for surface-crossing angles close to the surface
normal and (overall) for increasing energies. The experimental
data are in good agreement with the expected behavior and

constitute a clear signature of the in-out asymmetry in surface
excitations. These asymmetries amount to differences of up to
30% in the intensity of surface energy-loss features in REEL
spectra.
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