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Preface

In the past few decades, great progress has been made in the field of dynamical
interactions of photons and charged particles with surfaces. Developments in
this field have largely been driven by technological advances. Foremost, the
preparation and characterization of atomically flat surfaces has opened up
opportunities to precisely and reproducibly investigate surface structure and
dynamics in unprecedented detail.

An equally important advance represents the availability of new sources
for projectiles interacting with and probing surfaces. Third-generation syn-
chrotron sources provide high-brilliance photon flux over a broad range of
energies extending from the ultraviolet to the hard X-ray regime. In the con-
text of the primary topics of this book of even greater importance is the
development of ion sources that provide slow, very highly charged ions with
significant intensities covering charge states up to bare uranium. Currently
pursued development projects such as HITRAP (highly charged trapped ions)
at GSI Darmstadt hold the promise to deliver within the next few years cooled
highly charged ions in the sub-eV kinetic energy regime.

These advances in experimental techniques have led to an increased fo-
cus on technological applications. Prominent examples include the controlled
nanostructuring of surfaces for novel functionalities on the sub-micron scale
and the search of surface materials suited for divertor surfaces in future ther-
monuclear fusion reactors, in particular to control and reduce physical and
chemical sputtering. Concurrently, theory has made great strides. The under-
standing and solution of the many-body problem beyond the ground state,
which is at the core of the description of dynamical surface processes, has
considerably advanced. The development and application of time-dependent
density functional theory and, more generally, of techniques of computational
physics are key ingredients to the progress made over the last decade.

It is this backdrop that suggests the timeliness of a review of recent de-
velopment of heavy-particle induced processes at surfaces with the emphasis
on electron emission. This book is a collection of seven chapters written by
experts in the various subfields. All contributors were asked to highlight the



VI Preface

interconnections to other subfields. The chapters are not intended to serve
as comprehensive reviews but rather as introductions to the most important
developments of that subfield. This book is written for graduate students
and researchers who wish to familiarize themselves with the topic of electron
emission from surfaces.

Chapter one gives an introductory overview over theoretical concepts and
methods. The scope of methods ranges from purely classical and semiclassical
to fully quantum dynamical techniques. This chapter emphasizes the close
connection to well-developed methods in the field of atomic collisions in the
gas phase. The latter frequently serve as guide post for the much more complex
problem of particle-surface collisions.

Heavy-particle induced electron emission shares many properties with the
emission processes caused by other ionizing projectiles, in particular photons
and electrons. Chapter 2 is intended to establish this connection and to high-
light similarities with and differences to heavy-particle induced emission.

With the advent of slow highly charged ions (HCI), a novel electron emis-
sion channel, electron emission due the electronic potential energy of the pro-
jectile carried into the collision, has taken center stage. This process is con-
ceptually different from kinetic emission which is driven by the kinetic energy
of the impinging projectile and closely resembles binary collisions. Chapters 3
and 4 compare and contrast potential-energy and kinetic-energy driven elec-
tron emission.

The spin polarization of electrons in two-dimensional structures such as
surfaces and quantum wells plays an increasingly important role in present and
future technological applications (“spintronics”). Ion-induced electron emis-
sion from surfaces can provide surface-specific, selective information on short-
range and long-range spin correlations, moreover, the spin-dependent response
of many-electron systems to external perturbations, both spin polarized and
unpolarized can be tested. Chapter 5 discusses recent advances in this field.

Electron emission from surfaces is traditionally considered a single particle-
hole excitation with the particle, the electron, being in a positive-energy final
state. Recently, the role of collective excitations as precursors and mediating
processes has been appreciated and is the subject of Chap. 6 which discusses
the role of plasmons.

Thin insulating films are known to be excellent electron emitters. They are
applied in devices where the performance critically depends on the electron
yield. The present understanding of slow ion-induced electron emission from
such insulating films is discussed in Chap. 7.

The editors would like to thank all contributors to this volume who were
willing to spend a considerable amount of time and effort on their chapters
that are didactically written with the non-expert as potential reader in mind
and, yet, appear well suited to convey the excitement and progress of their
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subfields. We express our hope that this volume, while reflecting the expertise
of a large number of contributors, nevertheless approaches the coherence of
presentation expected for a monograph.

Vienna Hannspeter Winter
November 2006 Joachim Burgdorfer

Note Added to Preface

Just weeks after we wrote together the preface above, my co-editor and close
colleague Hannspeter Winter passed away suddenly and unexpectedly on
Nov. 8, 2006 as a result of a massive heart attack while pursuing his beloved
spare-time activity, jogging in the Vienna Prater park.

Hannspeter was, to his last day, as vigorous, active, and “driving” as ever.
As it happened, one of the last emails Hannspeter sent just hours before his
untimely death went to the Springer publishing house concerning technical
details for further processing of the present book.

While writing their chapters none of the contributors would have guessed
what this volume would eventually turn into: a fitting scientific tribute to the
lifetime research interest and work of the editor of this volume, Hannspeter
Winter, a pioneer of electron emission studies from surfaces and of the physics
of plasma-wall interactions.

Vienna Joachim Burgdorfer
November 12, 2006
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1

Theoretical Concepts and Methods
for Electron Emission from Solid Surfaces

Joachim Burgdorfer and Christoph Lemell

1.1 Introduction

Theoretical descriptions of scattering of heavy particles (i.e. ions or atoms) at
surfaces have remained a challenge for a multitude of reasons: such processes
involve a large number of coupled degrees of freedom some of which can be
treated classically, while others demand a quantum description. At the core
is an interacting many-body system far from the ground state where ground-
state theories such as density-functional theory (DFT) encounter difficulties
and models that couple the electronic system near the ground state to the
heavy particle motion (e.g. via a Car-Parrinello approach [1]) become inade-
quate.

For the experimental observable “electron emission”, the topic of this book,
additional complications result from the fact that the final state lies in the
continuum part of the spectrum. Analytical or numerical determination of
continuum states, their representation on either a numerical grid or basis
states causes additional difficulties that are, even for much simpler systems
such as ion-atom collisions, difficult to overcome. Therefore, a wide variety
of simplifications and approximations are needed to render the problem of
electron emission accessible to a theoretical description.

The present introductory overview highlights a few recently developed and
applied methods and is not intended to represent an exhaustive review. More
extensive discussions can be found in [2-5]. The selection of concepts and
methods to be discussed is guided by the topics covered by the subsequent,
mostly experimental, chapters.

One major dividing line between different models and approximations is
provided by the projectile velocity. Slow (fast) collisions refer to projectile
velocities v, small (large) compared to the characteristic electron velocity,
vp < 1 a.u. (or energies of 25 keV/amu). The Fermi velocity vy plays fre-
quently the role as characteristic electronic velocity in the target. Accordingly,
slow collisions imply

vy < vp . (1.1)

J. Burgdorfer and C. Lemell: Theoretical Concepts and Methods for Electron Emission from
Solid Surfaces, STMP 225, 1-38 (2007)
DOI 10.1007/3-540-70789-1_1 © Springer-Verlag Berlin Heidelberg 2007
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Because of the intrinsic anisotropic nature of atom (ion)-surface collisions, the
velocity components normal to the surface, v, |, and parallel to the surface,
Up,||, must be separately considered when distinguishing between fast and slow
collisions. Closely related to v, is the distinction between “kinetic” (KE) and
“potential” electron emission (PE). While the former implies that the kinetic
energy of the projectile drives the emission process, the latter invokes the
transfer of the potential energy of the projectile relative to its neutral ground
state (e.g., metastable neutral atoms or ions with total ionization energy Ey)
to be the agent causing ionization. Roughly speaking, KE is associated with
fast collisions while PE occurs for slow collisions. Clearly, such a simplistic
mapping cannot capture the subtleties of the interaction process and requires,
as discussed below, revisions and amendments. Differences and similarities
between kinetic and potential electron emission will be presented in Chaps. 3
and 4.

Another important control parameter is the strength of the interaction, in
particular the strength of the interaction potential between the projectile and
the electron, V. For n = (V)/W < 1 (W: work function of the electron to be
released) perturbation theory is applicable while in the opposite limit a non-
perturbative treatment is called for. Frequently, for Coulomb interactions a
dynamical rather than the static interaction strength parameter, the Sommer-
feld parameter n = /v, (Q: charge of the projectile) controls the effective in-
teraction strength. The latter plays a key role for highly charged ions (Q > 1).
Linear response theory used in the context of the dielectric response and dy-
namical screening of Coulomb fields is a prototypical example of perturbation
theory and relies on the assumption of weak perturbations, n < 1. Conversely,
time-dependent density functional theory beyond the linear-response regime
is a generic example of a non-perturbative treatment.

Theoretical models can be further characterized by the degree to which
electronic processes are treated classically. While, on general grounds, there
is no compelling reason to invoke the classical limit of quantum mechanics, it
turns out that classical approximations are reasonably successful in describing
the electronic dynamics in many aspects of surface collisions. The advantage
of a classical calculation lies not only in the remarkable ease of its application
compared to a full quantum treatment but also in the intuitive insights that
can be gained. Clearly, its validity and applicability must be carefully assessed
for each application. Often hybrid classical-quantum methods are found to be
most suitable.

This chapter emphasizes the close connection to atom collision theory,
from which many methods for theoretical description of atom-surface collisions
are derived. Atomic units are used throughout the chapter unless indicated
otherwise.
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1.2 Interaction Potentials

The determination of effective, “dressed” interactions of charged particles and
aggregates of charged particles near surfaces represents one important and
non-trivial first step in the description of particle-solid interactions. It serves,
on one hand, as input for the calculation of collision processes and, on the other
hand, depends on the scattering dynamics itself. These potentials depend
on both the atomic or ionic projectile as well as the target surface. Clearly,
effective interactions strongly differ for metals (conductors) and insulators.
Likewise, effective interaction potentials of neutral atoms strongly differ from
those of highly charged ions with charge Q). A large variety of approximations
are in use some of which are summarized below.

1.2.1 Image Potentials

At large distances from the surface and for small velocities of a charged par-
ticle, the classical approximation to the (static) image potential

Q2

VIR:) = g

(1.1)

is valid. In Eq. (1.1), R, is the distance from the surface. Rather than taking
the topmost atomic layer to be the position of the surface, for metals the
so-called “jellium edge” located half a lattice constant outside the topmost
atomic layer is often used as reference point when a jellium approximation,
i.e. the smearing out of the ionic background, is invoked in the approximate
description of metallic surfaces. It turns out, however, that the effective image
plane is shifted with respect to the jellium edge. Equation (1.1) has therefore
to be corrected for by an offset z,, [6]

Q2

ViT(z) = TUR. — zim)

Zim ~ —0.2r5 +1.25 . (1.2)
rs is the Wigner-Seitz radius of the electron gas, the radius of a sphere which
on average contains one electron (target electron density n = 3/4mwr?). Equa-
tions (1.1) and (1.2) are valid in the regime of linear response of the surface
to the external charge. For insulators, Eq. (1.2) can be generalized to [7]

@ ew) -1

Vv (Rz) = 4Rz 6(0)) +1 5

(1.3)

where €(w) is the bulk dielectric function of the target while (¢ — 1)/(e + 1)
represents the optical limit ¢ — 0 of the surface dielectric function &(q,w).
Ideal conductors and thus metallic surfaces correspond to the limit e(w) > 1
for w <« 1.
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Fig. 1.1. Positions of the “active” electron (distance from surface z), the projectile
(distance R:), and the images (at z — 2z, and R. — 2z, below the surface).
Interaction potentials are indicated by dashed arrows (cf. text)

The potential in front of the surface for an electron at position r = (x,y, 2)
in presence of a projectile at position R = (0,0, R,) is determined by (see
Fig. 1.1)

Ve(r,R) = V)" (r) + Vp o (r,R) + V7 (r,R) (1.4)
the sum of the interactions of the electron with the Coulomb field of the
projectile V,, ., given for hydrogenic projectiles by

VP’E(rvR) = - |I‘ QR| ) (15)

the fields of its own and the projectiles image potentials, V™ and Vpifen, re-
spectively. The latter two potentials are markedly different for metals and for
insulators [8-10]. V}, . for non-hydrogenic ions can be approximated by single-
particle core potentials [11]. Figure 1.2 displays the potential landscape for a
multiply charged ion in front of a jellium surface with r; = 3 a.u.

o1

Potentia] fa.y |

M 2 @ud

Fig. 1.2. Potential landscape for a slow (v, = 0.05 a.u.) multiply charged ion
(@ = 3) in front of a jellium surface (rs = 3 a.u.). Electron capture proceeds
predominantly over the barrier separating ion and target. The width and the height
of the barrier at the Fermi energy Er are indicated by arrows
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At this point the question of the validity of this quasistatic approximation
to the interaction potentials arises. Target electrons can be assumed to react
instantaneously to the external perturbation as long as the projectile veloc-
ity is considerably slower than the Fermi velocity of the electron gas. This
condition is met in most experiments on potential emission. The validity of
Egs. (1.1) and (1.3), furthermore, requires sufficiently large distances from the
surface such that quantum corrections to screening can be neglected, i.e.,

z>Ap =vp/ws , (1.6)

where w; is the surface plasmon frequency [7].

1.2.2 Dielectric Response

For small distances or large velocities the response of the target electron gas
described by the dielectric function € beyond the asymptotic classical limit Eq.
(1.1) has to be taken into account. Its inverse, e 7!, describes the modification
of the field in the presence of the medium,

1 _ pewt(qa w) + pind(qa w)

6(q,w) pemt(Q7 w) (17)

Pext and pinq are the external and induced charges, respectively. e ! is further
related to the susceptibility x of the system via [12]

1 4
m — 1= qﬁX(Qaw) . (1.8)

Equation (1.8) represents the dynamic, i.e. frequency w and wave number
q dependent polarizability of the medium. This expression as functions of q
and w is valid for systems which are translationally invariant with respect
to both position r and time ¢. The charge density fluctuation is space- and
time-dependent with Fourier components p(q,w). For isotropic systems, ¢ will
depend only on the magnitude of |q| = ¢ and w. Equation (1.8) is directly
applicable only for homogeneous systems such as bulk solids when the lattice
structure can be neglected (e.g., jellium).

Due to the breaking of translational symmetry in the direction of the sur-
face normal z, the response function for a jellium surface becomes nonlocal in z
while retaining its dependence on the wave vector in the plane of the surface.
The dielectric response theory for the bulk requires therefore modifications
near surfaces. The extension of Eq. (1.8) to the case of broken translational
invariance along the surface normal can be guessed as [13]

pind(qH?w?Z7RZ) = /dz'x(qH,w,z,z')@em(qﬂ,w,z/,Rz) ) (19)

where R, is the coordinate of the external point charge causing the response.
Three-dimensional vectors are denoted by (q = (qy,¢.) with @ = qﬁ +q?),
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while 2D vectors in the surface plane are denoted by qj. In the two-
dimensional Fourier representation, the Coulomb potential of an external unit
point charge is given by

27

Peyi(q,w, 2, R.) = qfl‘e*qu\Z'*Rzl ] (1.10)

The response function x is still local in the Fourier variables (q),w), but
nonlocal in the coordinate z in which the translational symmetry is broken. It
is convenient to introduce a Dirac-bracket matrix notation [14] with respect
to the nonlocal coordinates. Accordingly, ping of Eq. (1.9) will be identified
as an off-diagonal matrix element of the operator Bind(qu,w),

Pind<Q|\aW727Rz) = <z|£znd(q“7w)|Rz> ’ (111>

where the induced charge density at the coordinate z is generated by a source
located at R,. Analogously, the external potential can be expressed as the

matrix element of the operator gem(qu,w)7

2m .
¢€xt(q|\awaZ7Rz) = <Z|ge$t(Q|\,W)|Rz> = ?He a2 R . (112)

In this matrix notation, Eq. (1.9) simplifies to
p. (q),w) =x(q),w)2,  (q),w) (1.13)

Within the framework of the “self-consistent field” (SCF) method or “random-
phase approximation” (RPA) we can approximate Eq. (1.13) by

gind(q‘hu’)) - éo(q”’w)éscp‘(qu’w) ’ (114)

where o is the independent-particle susceptibility, and the self-consistent
potential is given by

Pooplapw) =2 (q)w)+2  (q)w). (1.15)

Combining Egs. (1.12-1.15) we find an operator integral equation for the
response operator x

x(qpsw) = |1 = x (q)w)K(q),w) - x, (@) (1.16)

and the corresponding equation for the induced potential:
2. (apw) = K(q,w)x(q),w)2,_(q)w) - (1.17)

In the RPA the kernel of the integral equation (1.16) is given by
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2 _ s
<Z|£RPA(QH’W)\Z/>:(TH€ anle==1, (1.18)

Improvements beyond the RPA can be accomplished, for example, by in-
cluding exchange-correlation corrections of density functional theory into the
kernel,

27T ’
(2|K, (), w)]2) = ?He’q“‘z’z |+ &, [no(2)]0(z — 2') (1.19)
where 5o
& [no(2)]6(z — ) = g’;[”] s (1.20)

is the functional derivative taken at the unperturbed, but z-dependent, density
no(z). The local density approximation (LDA) is invoked in Eq. (1.19). The
use of kernels from DFT [Eq. (1.19)] in the calculation of x Eq. (1.16) is often
referred to as time-dependent density functional theory (TDDFT). Equation
(1.16) represents, however only its linear-response (LR) limit. A more detailed
discussion is given in Sect. 1.5.

The starting point for the calculations of the many-body response function
x(qj,w, z,2') is the noninteracting particle density-density correlation func-
tion xo(q,w,z,2"). An explicit expression for xo(q),w,2,2") can be easily
determined within the independent-particle model for the semi-infinite jel-
lium. For later reference we point out that lattice effects and thus coupling
to phonons are neglected. Using the Fermi function at zero temperature for
the occupation numbers, f(p) = 0(kr —p), xo(q),w, 2, 2') can be written in
terms of the one-electron wave functions and eigenenergies as

b (2)8p. (2)bp, (Z)¢;; (") >

wtep. —ep — QP — ¢j/2+ i
(1.21)

Xolqpw,2,2) = Y (f(pz)—f(p'z))<

Pz,P% P

with
f(p2) = f(p,p:); f(p:) = fp) +qp.p) - (1.22)

Within the framework of DFT, xo(q,w, 2, 2') is constructed from Kohn-Sham
orbitals ¢,_(z) with energies ¢, in the degree of freedom along the surface
normal (see Sect. 1.5.1).

An example of the real part of the total potential, ® = @, + P;,q near the
surface calculated within the specular reflection model (SRM) [15] is shown
in Fig. 1.3 for a 0.3 MeV /u proton moving parallel to a surface. The induced
charge density tries to screen the external charge. Since the response of the
electron gas takes a finite time (~ w,’ 1) the screening cloud trails the swift ion.
This results in charge density fluctuations behind the projectile (“wake”). The
potential shown in Fig. 1.3 was used in [15] to model the so-called “rainbow
scattering” of electrons from a swift ion in the selvedge of the electron gas.
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Fig. 1.3. Total electronic potential for a fast proton (v ~ 3.5 a.u.) moving parallel
to an SnTe(001) surface (w, ' & 1.8 a.u.). The trailing response of the electron gas
leads to the formation of the so-called wake. Trajectories of electrons scattered in
the potential are plotted with dashed lines (see Sects. 1.3.1 and 1.3.2; from [15])

The imaginary part of the complex induced potential gives the position
(R) dependent friction force or stopping power in terms of the matrix element

(q,w=qyvy)|R:)| . (1.23)

ind

1 d?
S(R:,vp) = Up/ (2:)H2 qvp: S <RZ‘2

An example of the stopping power for a charged particle moving parallel
to and outside of a jellium surface as a function of the distance from the
surface calculated using the DFT-kernel [Eq. (1.19)] is shown in Fig. 1.4. for
@ =1 and v, = 0.29 a.u. For large distances R,, S(R,,v,) converges to
an asymptotic R;® dependence due to plasmon and interband excitations.
At smaller distances, significant differences between the TDDFT-LR and the
SRM calculations arise. The present TDDFT calculation includes the decay of
long-wave plasmons due to interband transitions which are missing in standard
jellium approximations.

Since a significant contribution to the friction force results from electronic
target excitations to the continuum, it has been surmised [16] that, up to a
constant of proportionality, the coefficient of KE, vk g, is proportional to the
stopping,

vkE X S(R,,vp) . (1.24)

The validity of the dielectric response description relies on the assumption
of linearity of the response or, equivalently, the applicability of first-order
perturbation theory. For highly charged ions (HCI) with charge @ its validity
will be (nl) distance-dependent. The distance at which non-linear (nl) effects
become important can be estimated to be [17]

R = 2rs0/Q . (1.25)

For slow HCI, the neutralization sequence and thus the effective reduction of
Q starts at distances larger than R,;. Therefore, the applicability of linear
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Fig. 1.4. Distance-dependent stopping power for a unit charge moving in front of
an Al surface. Solid line: SRM, dashed line: TDDFT-LR using the kernel Eq. (1.19)
and corrections due to interband transitions (from [14])

response extends to ¢ > 1. Going beyond linear response requires self-
consistent solution of the many-body problem to all order in the strongly
perturbing field of the projectile. Time-dependent density functional theory
(Sect. 1.5.2) represents a promising avenue in this direction.

1.2.3 Atomic Potentials

The determination of the trajectories of ions (or atoms) near surfaces re-
quires the knowledge of effective ionic (atomic) interaction potentials. While
the long-ranged portion is well described by Coulomb-like image interactions
for metal surfaces and Van der Waals interactions for insulators (see Sect.
1.2.2), the short-ranged portion is determined from the mutual penetration
of the atomic charge clouds of the projectile atom and of the surface atoms.
The problem is simplified in so far as, on an atomic length scale (< 1 a.u.),
the surface can be viewed as a planar cluster of atoms. The effective poten-
tials can therefore be deduced from atom-atom potentials known from elastic
atomic scattering. Corrections for intermediate distances of the order of the
lattice constant are included in embedded atom potentials [18]. Atom-atom
potentials for a large class of collision partners and for a wide range of col-
lision energies can be conveniently parameterized by approximate screened
Coulomb potentials of the form [19]

Vatom(r) f(’l"/(ls) ) (126)

_ ZpZt
o

where Z,,, are the bare nuclear charges of the projectile and surface (target)
atoms and f is the screening function. f approaches 1 in the limit » — 0 and
decays exponentially for large r. Different analytic forms of the interpolation
function are in use. The following analytic form is most frequently employed
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flrfas) = ciexp(~dir/a,) (1.27)

with >, ¢; = 1. Different parameterizations differ from each other by the
choice of the screening length as and the vectors of coefficients c¢;, d;. The
Molieére potential [20], fas, uses ¢; = 0.35,0.55,0.1; d; = 0.3,1.2,6 and the
Firsov (or Thomas-Fermi) screening length

as = arp = 0.88534 - (Z1/2 + 2}/?)72/3 (1.28)

Other choices include the Bohr potential with only one exponential term in
Eq. (1.27) with ¢; =d; =1 and

as=ap = (Z2° + 7}/%) 12 (1.29)

and the Ziegler-Biersack-Littmark (ZBL) potential [21] using the vectors
¢; = 0.1818,0.5099, 0.2802,0.02817; d; = 3.2,0.9423,0.4028,0.2016 and the
screening length

as = azpr = 0.88534/(Z) % + 7)) . (1.30)

Improvements beyond these universal parameterizations can be derived
from Hartree-Fock potentials for a given pair of projectile and target atoms
[11, 22]. The basic limitations of these approximations is that quasi-static
atomic potentials neglect the dynamic response of the system. The range
of applicability will depend in a non-uniform manner on both the projec-
tile velocity and the relevant distances close to the turning point. Screened
Coulomb potentials [Eq. (1.26)] describe (quasi-) elastic scattering only for
sufficiently large collision energies when the trajectory becomes insensitive
to details of the Born-Oppenheimer potential curves but is predominantly
determined by the repulsive core (typically a few 100 eV). At very low im-
pact energies state-dependent Born-Oppenheimer potential curves (potential
surfaces) are required as input for accurate trajectory calculations. Rainbow
scattering has been used to test atomic scattering potentials in detail [23].

1.3 Classical Methods

1.3.1 Projectile Trajectories

Except for very low collision energies (“thermal” and “hyperthermal” energies
< 1 eV), classical dynamics is well justified and regularly applied to treat
the motion of heavy particles near surfaces. The corresponding de Broglie
wavelength Ay = 1/v/2uFE (u: reduced mass of the projectile-target system)
is exceedingly small compared to typical atomic distances, A¢yg < 1 a.u. Note,
however, that for grazing incidence with E, | < E, ||, Aap for the transverse
motion need not to be small and quantum (“diffraction”) effects may appear.
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Classical trajectories of ions and atoms approaching and receding from sur-
faces provide the scenario for inelastic electronic processes to be discussed in
the following sections. The trajectory “controls,” to a large degree, the relative
importance, the abundance, or the suppression of different classes of electronic
transitions. One important control parameter for the study of surface inter-
actions is the fraction of surface penetrating and reflecting trajectories. Ions
on a penetrating trajectory experience both above-surface and below-surface
(bulk) interactions. Since the electron density and target-atom density in the
bulk is far greater, surface-specific processes can be easily overshadowed in ex-
periments in which penetrating trajectories contribute significantly. Reflecting
trajectories are therefore a conditio sine qua non for sensitive probes of distant
ion-surface interactions.

Reflection in grazing-incidence surface collisions results, primarily, from
collective scattering at many rather than an individual surface atom. This
collective scattering is often referred to as “surface channeling”. The effective
atomic potential governing surface channeling is given by “string” (or “axial”)
or “planar” averaged potentials [24]. The planar surface potential is, e.g., given
by

Vitanar (Rz) = 27rna/ dp pVatom <\/(RZ +a/2)?+ p2> (1.31)
0

with n 4 the atomic density at the surface. For the potentials of the type (1.26)
the integral (1.31) can be easily performed leading to

Vplanar(Rz) = 27Tnaa/sZpZt Z % eXp(_di (Rz + a/2)/a5) . (132)
B 0

A similar expression can be derived for string potentials. As expected for the
specular reflection geometry, the effective potential depends only on the coor-
dinate R,.. The parallel and perpendicular degrees of freedom of the motion
become separable. The trajectory is therefore a superposition of a free-particle
constant-velocity translation parallel to the surface and a perpendicular mo-
tion in the potential Eq. (1.32). The point of closest approach R, ip is im-
plicitly determined by

Ep,L = Vplana'r'(Rz,min) . (133)

The atomic potential does not yet include the long-range Coulomb-like tail of
the image potential for ions with charge Q). Accordingly, in the presence of an
image potential, Eq. (1.33) is modified to

Q

By +
P 4Rz,min

= planar(Rz,min) . (134)

The point of closest approach moves thus closer to the topmost atomic
layer. Such a shift has consequences for the probability of inelastic electronic
processes including electron emission to occur.
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1.3.2 Binary Encounter Approximation

While employing classical mechanics for the heavy-particle motion is straight-
forward and a well justified approximation, treating the electronic degrees
of freedom is, conceptually, far from obvious. Yet, classical approximation
are frequently applied and remarkably successful. In fact, first treatments of
atomic collisions predated quantum mechanics and invoked, inevitably, classi-
cal dynamics. One year before Bohr presented his atomic model, J.J. Thomson
determined in 1912 the ionization cross section of a classical electron at rest
with binding energy (work function) W by binary impact of an ion as [25]

a2 w
Gion(E,) = o <1 - 4E,,> . (1.35)

Equation (1.35) can be considered the predecessor of the binary-encounter ap-
proximation (BEA). While the Thomson cross section [Eq. (1.35)] predicts a
high-energy behaviour of o ~ E L the first Born approximation in quantum
mechanics yields o ~ E; !In E, due to the contribution of optically allowed
dipole excitations absent in classical mechanics [26]. With the improved un-
derstanding of the electronic bound states within the framework of quantum
mechanics, it became obvious that the assumption of an electron at rest must
be replaced by the Compton profile, i.e., an ensemble of electrons with the
momentum distribution of the initially bound electron, |¢;(q,t)|?, consistent
with the virial theorem. Gryzinski (1959 [27]) and Vriens (1967 [28]) formu-
lated the BEA for ion-atom collisions exploiting the fact that quantum and
classical microcanonical momentum distributions agree for hydrogenic sys-
tems [29].

Applications to ion-surface collisions is straight-forward. Binary-encounter
collisions are prototypical for KE, for binary transfer of kinetic energy of the
projectile to the target. For a jellium surface, o;,, follows from the inte-
gral over all target-electron momenta k < krp. The mapping of the initial
momentum distribution due to the binary-encounter momentum transfer is
schematically depicted in Fig. 1.5. Analytic results can be found for limit-
ing cases. Assuming a head-on collision of a projectile with the electron, the
maximum momentum transferred to the backscattered electron is given by
Ak = 2v,. Taking an electron with Fermi velocity vy directed antiparallel to
v, the threshold projectile velocity vy, for transfer of sufficient energy and for
KE to take place (AE > W) is [16]

v = (VI+W/Er 1) . (1.36)

For v, < vy, the maximum momentum transferred to the electron is insuffi-
cient to escape the target. More recently, Winter and Winter [30] have deduced
for the coefficient of (“secondary”) electron emission, v, which is proportional
to the total ionization cross section a yxg o (v, — vth)z proportionality of
the KE yield from simple phase space arguments for a free electron metal.
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lab frame projectile frame

prior to collision &

Fig. 1.5. Schematic diagram of a binary encounter in the laboratory (left column)
and projectile frames (right column) before (top row) and after the collision (bottomn
row). The Fermi sphere is displaced in the projectile frame relative to the origin by v,
(top right frame). A momentum transfer of Ap = 2v,, is imparted on backscattered
electrons (bottom right). In the lab frame, parts of the shifted Fermi sphere have
momenta large enough to escape the solid (dashed circle)

Although Eq. (1.36, predicts a well-defined threshold of KE, careful measure-
ments in the threshold region have shown that KE can be observed also for
vp < vy, [31] (see also Chap. 4). A more elaborate description of the elec-
tronic structure of the surface that takes the true momentum distribution of
the target into account is therefore required (see Sect. 1.4.2).

1.3.3 Classical-Trajectory Monte-Carlo Methods

The BEA is, on a classical level, a perturbative approximation. It treats the
binary collision system (= target electron-projectile) to all orders while ne-
glecting the influence of the interactions within the solid surface (ionic cores,
jellium potential, spectator electrons) during the collision. The BEA is thus
the classical rendition of an impulsive approximation (IA). Going beyond
the BEA within the framework of classical dynamics requires the solution of
Hamilton’s equation of motion for an ensemble of independent target electrons
representing the phase space of the initial quantum state, the Wigner function
pw (r,p). Since py is not positive definite, alternative phase-space distribu-
tions, in particular the microcanonical ensemble pyrc « 6(E — H(r,p)) are
used. This is the essential idea of Classical trajectory Monte Carlo (CTMC)
methods originally developed for atomic collisions [29]. Its main application is
for (effective) one-electron problems. The many-body aspect, e.g., scattering
of the ionizing electron with other electrons, can be accounted for indirectly
by including stochastic forces into the equations of motion, i.e., by using a
Langevin equation rather than Newton’s equation of motion [32].
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The time-dependent evolution of the electronic subsystem is calculated
by the Monte-Carlo solution of the classical Liouville equation in terms of
an ensemble of representative test particles that are propagated according to
the stochastic equation of motion, i.e., a single-particle Langevin equation
generated by the electronic Hamiltonian H,

% =p, (ciTIt) = —VH.(r,R,t) + Fgoc - (1.37)

The total Hamiltonian of the (electronic) system is given by
NE
H=> H.r;R), (1.38)
j=1

where N, is the number of active electrons and r; and R are the positions of
the j-th electron and the projectile, respectively. The stochastic force Fgioc
accounts for collisions with other electrons and ionic cores of the solid. Apart
from inclusion of scattering and transport effects, the CTMC method is in-
trinsically a single-particle treatment. The deeper reason for this is that, clas-
sically, a many-electron system does not possess a stable ground state but
spontaneously autoionizes.

The solution of the Liouville equation within CTMC proceeds along the
following sequence of steps:

1. a large number of trajectories is started at ¢ — —oo sampling the initial
phase-space distribution

2. Equation (1.37) is numerically integrated for each trajectory up to t — oo

3. the final phase space distribution is calculated from binning the phase-
space points at the final time #;.

This scheme is numerically demanding as the total number of electrons in-
volved in the interaction, N, (the sum of projectile electrons and target con-
duction band and core electrons within the interaction area), can become
rather large and a large number of trajectories has to be followed to obtain
reasonable statistics. Figure 1.3 shows an example of the CTMC simulation
of the momentum distribution of electrons emitted in swift ion-surface in-
teractions taking account of rainbow scattering of the convoy electrons near
surfaces [33].

The potential landscape in front of an insulator surface (LiF) used in a
simulation for charge transfer is shown in Fig. 1.6 [8]. The saddle region sep-
arating the ion and the surface is a complicated function not only of the
distance but also of the lateral position of the projectile. The right-hand pan-
els show the classical trajectory of a target electron as a highly charged ion
approaches the surface. Initially, the electron orbits the ionic core located at
(0,0,0). Later, the Coulomb potential of the projectile and its image charge
deform the potential landscape and allow for an above-barrier transition from
the surface to the ion. The initial conditions for the electron were chosen from
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Fig. 1.6. left panels: Total electronic potential V(r,R) in planes parallel to the
surface of the crystal. The projectile with charge @ = 6 is at position R = (0,0, 12)
a.u. right panel: Example of a classical trajectory of an electron as an HCI with
@ = 15 approaches the surface along the dotted line. (a) The initial polarization
of the classical orbit, (b) the more pronounced polarization followed by the passage
over the saddle into the projectile at R. = 14.5 a.u. (from Ref. [8])

a restricted microcanonical ensemble representing the 2p electrons of F~ ions.
These calculations yield capture and loss rates which enter the rate equations
for the populations of different n-shells in the classical over-barrier simulations
discussed in the next section.

1.3.4 Classical Over-Barrier Model

A variant of a fully classical treatment is the classical over-the-barrier (COB)
model. It has proven to be remarkably versatile and successful. Key is both a
drastic simplification of the classical dynamics input compared to a full CTMC
simulation as well as the possibility to easily, but approximately, incorporate
multi-electron processes and quantum corrections.

The COB model was originally developed for one-electron capture into
highly charged ions in ion-atom collisions by Ryufuku et al. [34] based on ear-
lier work by Bohr and Lindhard [35] and later extended by Barany et al. [36]
and Niehaus [37] to incorporate multi-electron transfer. Its extension to ion-
surface collisions [8, 38, 39] provides a simple framework for the description
of ion-surface interactions. The physical significance of the COB model is de-
rived from the fact that only classically allowed over-the-barrier processes as
opposed to tunneling are sufficiently fast to be effective within the character-
istic interaction time of the ion with the surface.

Choosing for simplicity pure Coulomb potentials for all electronic inter-
action potentials entering Eq. (1.4) [in particular the self-image interaction
Vim Eq. (1.1)] as the large-z limit for metals, the position of the saddle point
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Fig. 1.7. Scaled energy gain AE/W due to image acceleration for different targets.
Experimental data: o: Al; A,00: Au(110); e: Au. Also shown are the COB model
(see Eq. (1.42)) and the classical lower bound, from [42] and refs. therein

2s,dVe(zs, Rc)/dz = 0 and the barrier height V.(zs, R.) can be determined
analytically. The critical distance follows from [2, 8, 38, 39|

Ve(zs,Re) = Ep = —W | (1.39)
where W is the work function of the surface, as

v2Q
=3

The COB model predicts, furthermore, the critical quantum number 7. into
which the resonant capture event takes place,

R.(Q) ~ (1.40)

1/2
Q 1
Ne = (1.41)
VoW Q-1/2
2 1+ =755

These predictions pertain to the early stages of the neutralization scenario.
Equation (1.40) was first indirectly tested (Fig. 1.7) by measurements [40, 41]
of the energy gain due to the image acceleration. Since the charge of the
projectiles is reduced by one unit (Q' = Q,Q —1...) at each successive critical
distance, R.(Q"), Eq. (1.40), the energy gain along the neutralization sequence
(“staircase”) follows as [39]

W
AE = ——=Q%/? 1.42
50 (1.42)
in agreement with experimental data [40-42]. Similar estimates can be derived
for insulators [8].

Direct tests of Eqgs. (1.40) and (1.41) became available with the help of
novel targets, metallic nanocapillaries, pioneered by the group of Yamazaki
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et al. [43]. Interaction with the internal walls of capillaries allows to select tra-
jectories that avoid a close encounter with the surface thus allowing spectro-
scopic as well as charge-state analysis of the early stages of the neutralization
scenario [44].

The COB predictions for charge transfer can be incorporated into a hy-
brid classical-quantum simulation which can also account for processes of
interacting electrons for which fully classical simulations fail. Prime among
are autoionization and Auger decay. Starting point is a set of coupled rate
equations for the populations P, of the n-th projectile shell [38]

0L (R) S5 Pa(R) = IO (R) — I (R) P, (R)
1 2
+5 g A P2 (R)
~PX(R) > Ann (1.43)
n’'<n
R)-LP(R) =+ 3 AuuPi(R)
AR Ty 2 et
+v1 (R)Py, (R) dni(R) (1.44)
R g, —o

nr

IR and I are the resonant capture and loss currents, respectively, Anin
describes the Auger decay rate of two electrons initially in shell n to a fi-
nal state with one electron populating shell n’ and the other electron in the
continuum carrying the excess energy. Radiative decay processes have been
neglected in [38] as they become important only for inner shells of ions with
large core charges.

The additional Eq. (1.44) describes the differential increase of ionized elec-
trons, Pr(R), due to Auger processes and to the promotion of high-lying shells
into the continuum. As the ion approaches the surface the energy level of an
excited electron in the projectile is shifted upwards by the interaction with
the image interaction. For a hydrogenic state the binding energy is given by

Qg 4 Qespin —1/2

B, =
2n? 2R

(1.45)

For small distances R the inner shells get resonantly populated thus reducing
Qefrn- At a given distance, a certain n-shell (n = ny) enters the ionization
continuum with rate v, dny(R)/dR.

The capture rate I7° entering Eq. (1.43) can be calculated within the
COB model from the geometric cross section o ~ md? of the saddle area
(see Fig. 1.2) and the current density along the surface normal. The loss
rate I17 follows from the ratio between o and the surface of a sphere with
Bohr radius (r), weighted with the orbital frequency of the Coulomb orbit
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vn =1/Tp = Q2 ;.,,/2mn® with Q2 |, being the shielded core charge effective
in shell n. For an intra-atomic Auger process and the fastest subset of possible
channels (ns? — n’s) a simple scaling rule was found using the Cowan-code
for isolated atoms in the gas phase [45],

5.06 - 1073

A in = | An|3-46

(1.46)

It should be noted that Eq. (1.46) holds for a wide range of combinations of
n and n/. Extensions to other combinations of quantum numbers as well as
to two-center Auger processes, Auger capture (AC), and Auger decay (AD)
have been investigated [46]. In the case of AC an exponential reduction of the
rate can be expected due to the exponentially decreasing probability of target
electrons in the vacuum (o exp(—2k;R)). For AD rates a 1/R® dependence
at large distances was derived in [46]. Auger processes are sources of potential
emission of electrons. For promotion electrons [second term in Eq. (1.44)]
identification as PE is not as clear-cut and is valid only if the projectile motion
is effectively decoupled from the weakly bound electronic shells. Accordingly,
the effective potential V,, governing Newton’s equation of motion

d 1 d
mﬁvL(R) = T(R)EVP(R) (1.47)
is assumed to be weakly dependent on the population of diffuse outer shells.

An extended version of the COB model taking the spin of the electrons
to be captured and quantum mechanical tunneling into account has recently
been used to simulate the interaction of N+ ions with a magnetized iron
surface [47, 48]. Experimental data by Pfandzelter et al. [49] for energy and
polarization of emitted electrons were compared to results of the COB model.
As the experiment was performed with swift projectiles impinging on the sur-
face under grazing incidence conditions, the total electron spectrum contains
contributions from both potential and kinetic emission as well as secondary
electrons produced in transport processes within the target. The experimental
separation of kinetic and potential emission yields in medium-energy grazing
incidence have been accomplished either by using single crystal target surfaces
and measuring the dependence of the total yield on the azimuthal angle [50] or
by measuring the energy loss of the scattered projectile and emitted electrons
in coincidence [51]. A more detailed discussion can be found in Chap. 4.

For the analysis of the polarization of emitted electrons we concentrate
on the K-Auger peak around 350 eV where contributions due to KE can
be excluded. Figure 1.8 shows the measured (dots) and simulated (open cir-
cles) polarization of high energy electrons. Both results agree rather well. The
measured polarization value close to the average polarization of the target
conduction band as well as the simulation results indicate that direct inner-
shell feeding of the L-shell by a tunneling process may only be a minor source
for the electrons undergoing a KLL-Auger decay.
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Fig. 1.8. Polarization of electrons emitted in N°* magnetized iron interactions.
Simulated data are shown by open circles, experimental data (dots) from [49]

An extension beyond rate equations for mean occupation numbers P, (R)
has been introduced in terms of a classical transport theory (CTT) based on a
multi-particle Liouville master equation [52]. It invokes four major ingredients:

e the explicit treatment of multi-electron processes by following the time
evolution of the joint phase space density p (t,R, {P(P)},{P(T)}) that
depends on population strings of N-electron states in the projectile {P(P )}
and {P(T)} target,

e the use of transition rates in the relaxation (or transport) kernel that
are derived from quantum calculations (mostly, first-order perturbation
theory) wherever available, e.g. two-center Auger capture and deexcitation
rates [46], and

e the embedding of these processes into the framework of a classical phase
space transport simulation for the ion.

The equation of motion of p is of the form of a Liouville master equation

. 1
<;+RVR—M?327 VR>p:Rp, (1.48)
where the “relaxation” (collision) operator includes single and double particle-
hole (de-) excitation processes which represent resonant capture, resonant loss,
hole hopping, ionization by promotion through the continuum, Auger capture,
Auger deexcitation, and autoionization. These rates depend on both the local
position of the ion, R, and on the population strings {P(®)} and {P(™)}.

Direct integration of the Liouville master equation Eq. (1.48) appears to be
extremely difficult in view of the large number of degrees of freedom involved.
Therefore, another ingredient,

e solution by test particle discretization and a Monte Carlo sampling for
ensembles of stochastic realizations of trajectories
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comes into play. A large number of ionic trajectories with identical initial
conditions for the phase space variables (R,v,) is followed along an event —
by — event sequence of stochastic electronic processes whose probability laws
are governed by the rates of the underlying Liouville master equation. The
resulting population strings {P,(LP) (t)}, and {PT)(t)}, for a single stochas-
tic trajectory p are discontinuous functions of time. After sampling a large
number of trajectories, one obtains smooth ensemble averages representing
solutions of Eq. (1.48). Variants of the present approach have been previously
employed for energetic electron transport through solids [32], ion transport
through nanocapillaries [53], and, very recently, for the interaction of strong
laser fields with large clusters [54]. An overview over methods for electron
transport will be given in Chap. 2. One of the conclusions drawn from the
simulations for ion-surface scattering is that for vertical incidence the hollow
atom reaches the surface in a still multiply excited state. A significant fraction
of relaxation and potential emission originates from (sub-) surface contribu-
tions. In contrast, near complete relaxation is possible in grazing-incidence
collisions [55, 56].

1.4 Quantum Mechanical Methods

1.4.1 Time-Dependent Schrédinger Equation

The non-perturbative solution of the time-dependent Schrodinger equation is
currently only feasible for effective one-electron problems. Two methods are
frequently employed, the coupled-channel method [57, 58] using a basis ex-
pansion of the wavefunction v (t) or wavefunction propagation on a space-time
grid [59-61]. An example for the latter is the simulation of H~ detachment,
which can be reduced to an effective one-electron problem. The electronic
ground state of the surface, e.g. of LiF, provides an adequate representa-
tion of the channel potential. Quantum calculations for these problems have
yielded valuable insight into the role of the Madelung potential for the detach-
ment near LiF [59, 60] and the influence of the projected band gap of Cu [61].
Grid-based methods face the difficulty to extract final state occupation ampli-
tudes through the projection onto asymptotic channel states, in particular of
continuum states |k), representing ionization. The latter originates from the
presence of reflecting or absorbing boundaries of the grid. Basis expansions of

the form
() = a;j(t)g; () + ) b(t)du(t) , (1.49)
j k

where the index j extends over discrete bound states and k over discretized
continuum states, suffer from truncation errors (only a finite number of bound
and continuum states can be included). For simplicity we use the label j in
Eq. (1.49) for any bound state including both core states and states of the
band structure of a solid which will be treated as a quasi-continuum. The label
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|k) refers to unbound positive energy states in the ionization continuum. Em-
ploying Eq. (1.49) converts the Schrodinger equation into a system of coupled
differential equations

ia(t) =D (iIVi()]5")ay (¢)

j,

+Z<j|VI(t)|k>bk(t) (1.50)
K
ibi(t) =Y (K|Vi(t)|j)a; ()

+ > K|V () |k b (£) - (1.51)

Kk’

In Egs. (1.50) and (1.51) we use the intermediate or interaction representation,
in which the evolution phases of the unperturbed system (~ exp(—iHyt)) are
included in the time dependence of the perturbation potential V(¢),

Vi(t) = exp(iHot)V (t) exp(—iHot) . (1.52)

V (t) includes the time-dependent perturbation by the ionic projectile and may
include screening and image contributions (Sect. 1.2). A few cases in which
Egs. (1.50) and (1.51) were solved non-perturbatively, either numerically [60]
or semi-analytically by employing a Wigner-Weisskopf approximation to the
so-called memory kernel [58], have been reported.

1.4.2 Perturbation Approximation at High Energies
Born Approximation

A host of simpler approximations can be deduced from Egs. (1.50) and (1.51).
The Born approximation to electron emission follows by setting

aj(t) = 0(jr —Jj)
b(t) = 0, (1.53)

where the index j extends over all states below the Fermi energy (¢; < ¢, =
er). For each occupied orbital the ionization amplitude is

t
best) =i [ (Vi) a (151
giving the total ionization probability

e = Jim 3 [y (92 (1.55)

J<JjF
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As the change in the initial occupation amplitude under the influence
of Vi(t) is neglected, Eqgs. (1.54) and (1.55) is a first-order approximation.
Equation (1.54) is expected to be valid when the change in the occupation
amplitude is expected to be weak. This, in turn, implies that the speed of the
projectile is sufficiently high (v, > vp) such that the mean action integral is
small,

(oo}
/ dt (jIVi@)|j) <, (1.56)
— 00
where the average is taken over the relevant states j involved.

The final states in Eqs. (1.51) and (1.54) denoted by |k) refer to the con-
tinuum state of the target, i.e., of the solid surface, to which the states |j) are
initially bound, i.c., |k) = [{""). In fact, the derivation of Eq. (1.53) makes
use of the orthogonality relation (k|j) = 0. In the presence of the ionic charge
of the projectile which gives rise to projectile-centered bound and continuum
states the final state is modified. Embedding the projectile continuum into
the target continuum leads to strong perturbations of the continuum states
which are most pronounced at electronic velocities (momenta) that vectori-
ally match the velocity of the projectile (k = v,) since the corresponding
velocity in the frame of the projectile k — v, = k' is small (k' <« 1) and the
Coulomb-perturbation parameter n = Q/k’ is large. This so-called “electron

capture to continuum (ECC)” can be incorporated by replacing ‘1/11(<T)> by

the corresponding projectile-centered continuum state \wl(cp)> in Eq. (1.54).
While the calculation of the transition amplitude is still of first order, the
final-state interaction contains contributions to all orders in the effective pro-
jectile interaction. Calculations have been presented for both atomic Coulomb
potentials [62, 63] as well as dressed potentials including dynamic screening
and image potentials [64]. For the latter case, a comparison with experimental
data for the so-called convoy peak in grazing incidence collisions confirmed
the broadening of the ECC peak due to deviations from a pure Coulomb
final-state interaction. The CTMC method (see Sect. 1.3.3) has been applied
to convoy electron emission [15], where the distortion of the Coulombic final-
state interaction is taken into account on a classical level treating, however,
the collision non-perturbatively.

Distorted-Wave Approximations

Improvements beyond the first Born approximation can be achieved within the
framework of distorted-wave Born (DWB) approximations. The underlying
idea is to decompose the perturbation as follows

V](t) = U](t) + W[(t) . (157)

In Eq. (1.57) Uy represents the distortion potential and W7 the residual in-
teraction, each of which taken to be in intermediate representation (I). The
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decomposition is, a priori, arbitrary and requires a judicious choice. In partic-
ular, the decomposition appropriate for the entrance channel |1/)§T)> may be
different from that for the exit channel |¢y). Accordingly, different distortion
potentials may be used in the entrance (U(®) and exit (U/)) channels subject

to the constraint 4 ,
UD +w® =y w (1.58)

giving rise to different “post” and “prior” forms of the DWB approximations.
The choice is dictated by the requirement that one should be able to include
the distortion potentials U to all orders in the channel function. Moreover,
one aims at including a major portion of V into U such that the residual
interaction W is “weak”. The strategy is now to employ a first-order Born
approximation to the residual interactions only. Within the DWB approxima-
tions, the scattering amplitude is accordingly given by

b (1) = —i / O () W () (1)) e (1.59)

— 00

The superscript + (—) stands for outgoing (incoming) scattering boundary
condition for the channel states.

A prototypical application of DWB theory is shown in Fig. 1.9 for the
electron emission spectrum at different ejection angles resulting from glancing-
angle scattering of protons at an Al(111) surface. The target electrons con-
tributing to the emission [Eq. (1.54)] are decomposed into the atomic core
electrons with j < jeore and the conduction electrons jeore < j < jp. For
the core electrons, a DWB model well known from atomic collisions is em-
ployed, the so-called continuum distorted wave (CDW) with eikonal initial
state (CDW-EIS) approximation [65]. In this case the entrance channel dis-
tortion is a Coulomb eikonal phase

<r|X]EIS> = (r|j) exp [zf In(vpx +VpX):| , (1.60)
p
where x = r — R is the coordinate of the electron to be ionized relative to the
projectile. The CDW final state contains the full Coulomb scattering wave

(r|xEDW> = (rlk)I"(1 —iQ/vy) 1F1 {—ii, 1,i(vpx + vpx)} , (1.61)

whose asymptotic limit reduces to (1.60). The residual interaction is of the
form

W;=-V, -V, (1.62)

where the gradient V, operates only on the distortion factor while V. affects
only the unperturbed wavefunction ;(r, ). For the conduction band states,
unperturbed jellium wavefunctions are taken as the initial and final states,



24 J. Burgdorfer and C. Lemell
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Fig. 1.9. Differential probability of electron emission for 100 keV protons impinging
on an Al(111) surface with the incidence angle 6;, = 1°. Three electron emission
angles are considered: 6., = 1°, 20°, and 30°. Thin solid line, total probability
of emission calculated by adding the binary valence and innershell contributions.
Dashed, dash-dotted, and dotted lines, binary valence contributions evaluated by
using the MSR, SR, and Yukawa potentials, respectively; dash-dot-dotted line, inner-
shell contribution calculated with the CDW-EIS approximation. The thick solid line
represents experimental data extracted from Ref. [67], normalized to the theoretical
values (from [66])

) =1k (e <Jj<ijr, |kl <kp) (1.63)
(e | = (K (x| > kr, B > 0) . (1.64)

The effective residual interactions employed are different forms of the dynam-
ical screening (wake or image) potential as discussed in Sect. 1.2. Results are
shown for isotropic screening with a functional form of the Yukawa type and
the specular reflection model (SRM) and a modified specular reflection model
(MSR) [66]. At large ejection energies the result is independent of the approx-
imation invoked while for low-energy emission the spectra differ. For forward
electron emission core electron contributions overshadow the conduction band
contribution rendering the spectrum “atomic-like”. The discrepancy to the
experiment is a signature of transport, i.e. multiple scattering (see Chap. 2).
Multiple scattering is not included in the calculation presented in [66]. At
larger emission angles, the valence-electron contribution becomes comparably
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more important and the agreement with the experiment is better signaling
that multiple scattering contributions are less important. Clearly, large un-
certainties in the low-energy part of the emission spectrum resulting from
different models for the screened interaction within an effective one-electron
problem (isotropic screening of a Yukawa-like potential, SRM) remain (see
Chap. 6).

Impulse Approximation

The impulse approximation (IA) can be viewed as a modification of the DWB
approximation. Alternatively, it can also be considered to be the quantum
version of the binary-encounter approximation.

Starting point is the ezact transition amplitude

ey =i [ de GOV @) G <) (1.65)

where \1/1;' (t)) is the forward-propagated exact state of the electron j with
initial condition .
— 00 .
[l () = 15) (1.66)

and V is the channel perturbation not included in the unperturbed state
|7). The idea is now to decompose the initial state ¢;(r,¢) into its Fourier
components

d3q - ;
; = [ 221 5. aqr

¢](r7t) / (27'(')3/2 (rb] (q7 t)e (167)
and consider the elastic scattering of a wavepacket of quasi-free particles com-
posed of the Fourier components with momenta q at the channel perturbation,
the projectile potential V',

oo L,
(2v + V> Yd = 74 (D (1.68)
1%1’ are the exact continuum states in the presence of the channel potential, in
the present case the projectile potential V. Accordingly, the exact scattering
state is replaced in the IA by [63]

F = / B ad; (@, e - (1.69)

This replacement involves the “impulse” hypothesis: the neglect of the target
potential, i.e., the potential that is responsible for binding of the electron to
the solid surface in its initial state, during the scattering process. The proper-
ties of the target, specifically of the target initial state, enter only through its
Compton profile ¢~)j(q, t). This is the direct analogue to the classical binary-
encounter approximation. In general, the quantum impulse approximation
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involves the “off-shell” propagation of the scattered electron, i.e., the energy
which is associated to each Fourier component, ¢?/2, in Eq. (1.68) is different
from the energy of the scattered electron. In other words, the free-particle
energy-momentum relation, £ = ¢?/2, is, in general, not satisfied. The ion-
ization amplitude in TA is thus given by

b, = —i / dtd®pdq 5 (p, ) (pIV |6 )b () (1.70)

where g?)k(p, t) is the Fourier component p of the continuum final state k. In
the special case, that the latter can be replaced by a plane wave, ¢x(p) =
0(k — p), Eq. (1.70) reduces to

. ik? ~
b, j = —z/dtd3q etk f/2<k|V|¢;>¢j(q, t) . (1.71)

In Eq. (1.71) (k|[V]ibd) can be identified to be the two-body T-matrix ele-
ment Tr;(k, q) which, in general, is off the energy shell (i.e. |k| # |q|). If one
approximates the amplitude T';(k, q) by its on-shell limit (i.e. k?/2 = ¢*/2),
Eq. (1.71) can be related to the elastic scattering cross section of an electron
at the projectile potential. The binary-encounter approximation is a special
case of this on-shell limit and follows from the replacement [63]

oe(q?/2, cos0) = 167*T(kq, q) (1.72)
leading to
5= [ Eaoala/2eos0d @) B2 a?D) (0T3)
dEdQ v
with

(k—vy)?/2=(d —v,)?/2—(q—Vv)?/2. (1.74)
Equations (1.71) and (1.73) are of particular interest for kinetic emission from

the conduction band. One expects for a nearly free electron the Compton
profile of the initial state j, k;, to be close to that of a free electron

6j(a) ~d(k; —aq) . (1.75)

Since |k;| < kp, the differential ionization spectrum should have an upper-
energy cut-off under the assumption of Eq. (1.65) at

2 2
q (kr + vp)
g 1.76
Lot (1.76)
which is the theoretical underpinning of the threshold law for KE discussed
in Sect. 1.3 Eq. (1.36). Conversely, if the Compton profile of the initial state
features higher momentum components, i.e., k; > kr at €; = €p, the emis-
sion spectrum extends to higher energies or, equivalently, emission below the

threshold becomes possible.
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Realistic momentum distributions near a metal surface are far from sim-
ple Fermi distributions derived from the free-electron model that does not
feature momentum components above k. Instead, electron correlation and
the corrugated surface potential induce the presence of higher momenta. Us-
ing such momentum distributions, it is possible to account for the observed
sub-threshold KE [31] within the framework of TA or BEA (see Sect. 1.5.1).

1.4.3 Low-Energy Approximations
Quasi-Molecular Promotion: Fano-Lichten and Related Models

In 1965 Fano and Lichten [68] interpreted the ionization in slow inelastic Ar-
Art collisions with the help of diabatic molecular-orbital diagrams of the
interaction system. The collision velocity v, was, by far, too low to result
in a binary momentum transfer sufficient to overcome the ionization thresh-
old, as discussed in the preceding section. Instead, Fano and Lichten realized
that certain quasi-stationary energy levels of the transiently formed (Ar—Ar)™
quasi-molecule are shifted to level energies above the ionization threshold cre-
ating inner-shell holes and autoionizing resonances. Key to this picture is
that the electronic wavefunction can follow quasi-adiabatically the changes
of the slowly moving atomic (ionic) cores. Only near narrow avoided cross-
ings “jump” the electronic states from one adiabatic potential surface to an-
other. Such connections between adiabatic potentials near avoided crossings
are referred to as diabatic potential surfaces. The point to be noted is that
the propagation of the collision system along diabatic surfaces allows for the
continuous exchange of energy between the nuclear (heavy particle) and the
electronic degree of freedom. Consequently, ionization by quasi-molecular pro-
motion corresponds to kinetic emission even though no direct energy transfer
in a binary collision between the electron and the heavy particle is operative.

A similar picture applies to electron emission spectra in ion-surface in-
teractions if the projectile undergoes close collisions with target atoms [69].
Figure 1.10 shows the level diagram for the Ne-Ni system. Since the lattice
constant of Ni is about a ~ 3.5 A the level diagram for the atomic system
can be considered a reasonable approximation, especially for the interesting
range of distances below 1 A. The conduction band of Ni is formed by its two
4s electrons. As the ion approaches the target atom, quasi-molecular levels
are formed which converge for large interatomic distances to atomic levels. At
certain distances, levels with the same symmetry can approach each other in
a narrow region but cannot cross (Wigner-von Neumann non-crossing rule).
Charge exchange between asymptotic projectile and target states takes place
with a significant probability only in the region of these “avoided crossings”.
Transitions between potential curves can either produce a hole in a projectile
state which gives rise to a Auger-type process or may shift the level above
the vacuum level (see Fig. 1.10). Following a classical trajectory of the pro-
jectile near the surface where close atomic collisions occur and calculating the
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Fig. 1.10. Correlation diagram of the Ne-Ni collision system. Positions of avoided
crossings are indicated by dashed circles. At internuclear distances R = 0.3, 0.45,
and 0.8 A molecular orbitals are shifted to above the ionization treshold (dotted line;
from [71])

transition probabilities during single or multiple crossings, it is possible to
estimate the contribution of level promotion and the filling of additional holes
to the total electron yield [70]. As the pairwise interaction of levels is fairly
localized, the system evolves along a potential curve until the next crossing
occurs designating possible pathways of the system in Fig. 1.10 for a given
projectile trajectory.

Landau-Zener-Stiickelberg Approximation

The Landau-Zener-Stiickelberg and Rosen-Zener approximations allow to
compute the transition probabilities applicable to special cases for the shape
of the adiabatic potential curves. Considering only a two-state model (a
schematic picture of the region around the avoided crossing is shown in
Fig. 1.11) the wavefunction can be written in the diabatic basis as

1/)(57 t) =4 (t)q/)(li(sa R) + AZ(t)q/}g(Sa R) ) (177)

adiabatic state

EiR.)

diabatic state . |

Fig. 1.11. Schematic diagram of an avoided crossing at R = R.. Adiabatic levels
are shown as solid lines, diabatic levels as dashed lines
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where s is the electron-coordinate in the center-of-mass system and R the
internuclear distance. Within a two-level approximation, the Schrodinger
equation reduces to the system of coupled differential equations in the ampli-
tudes,

iAy = Vir () Av(t) + Vaa(t) Ao (2) (1.78)
iAy = Vo1 (1) A (t) + Voo () As (1) (1.79)

with the elements of the coupling matrix V;;(t) = (z/;fl\Heh/)?). The initial
boundary condition for the integration of Egs. (1.78) and (1.79) along the
(classical) trajectory are Ay = 1 and As = 0. At the crossing point R = R,
the diabatic energies are equal (V17 = Vaz) and the energy distance between
the adiabatic levels is given by AE = 2|Vi2(R,)|.

This set of equations can be simplified by removing the diagonal terms,
i.e., by removing the evolution phase due to time (or R) dependent energy
shifts of the diabatic curves. The new amplitudes C; are related to the original
amplitudes as

Ci(t) = exp {z / t dt'Vi; (t') dt’} Ai(t) (1.80)
0
leading to

iCy = Vas(t) exp(—id(t)) Ca(t) (1.81)
iCy = Vo (t) exp(id(t)) C1(t) (1.82)

with .
5(t) = / Vas(#') — Via (¢)] dt” . (1.83)

0

To calculate the probability Py = |As(7 > t.)|? for a transition from state 1 to
state 2 at the crossing point R = R, passed at ¢ = t., Landau [72], Zener [73],
and Stiickelberg [74] independently suggested to retain the linear term in the
expansion of [Vag(t') — V41(¢')] in R near the crossing point corresponding to
the dashed line in Fig. 1.11 and approximate the off-diagonal element by a
constant Vio = AE/2, i.e., by its value at the crossing point. Note that the
t and R dependences are used interchangeably (R(t) = (v,)rt where (vp)r
is the radial component of the velocity). Under these assumptions and for a
straight-line trajectory it is found that the probability for transitions between

diabatic states is AR
E
PR =1—exp (—c- ) (1.84)
Up

while those between adiabatic states is

2
P = exp (c- AL ) . (1.85)

Up
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For a “full” binary collision passing the region R, twice (on the way in and
on the way out) the joint probability for a transition from the potential curve
1 to the potential curve 2 is

AE? AE?
P =2PRPA = 2exp (—c- ) {1 — exp (—c- )] . (1.86)
Up Up

At low velocities, the transition probability features a characteristic expo-
nential suppression of inelastic transitions. This is a direct manifestation of
the adiabatic limit (or of the uncertainty principle): As the collision takes
infinitely long, all near-resonant Fourier components of the time-dependent
perturbation that could drive the transition, w &~ AF, have died out. An ex-
ponential decrease is also expected in the ionization spectrum as the emission
of high-energy electrons where AF is large is suppressed. In the opposite limit
of large velocities v, we find P ~ vyt (P#i = 1), rather than the correct (first
order perturbation) result P ~ v, % Invy,. This reflects the restriction of the
applicability of the Landau-Zener approximation to small velocities only.

Rosen-Zener Approximation

In Fig. 1.10 the large dotted circle emphasizes a region in which two levels with
the same symmetry run in parallel over a large distance to finally repel each
other at about R = 0.4 A. No well-localized avoided crossing is recognizable.
Yet, the two nearby levels interact allowing for population transfer modeled
by the Rosen-Zener model also referred to as Demkov model [75]. It solves the
coupled equations (1.78) and (1.79) assuming [Vaa(t) — Vi1(t)] = AE = const
and Vis = Vo; = A/ cosh(Bt) in the transition region. These assumptions are
somewhat complementary to those of the Landau-Zener model. The ansatz
again allows for an analytic solution with the parameters A and B being
functions of the velocity and the impact parameter. Integrating the transition
probabilities over all allowed impact parameters (b < R.; for larger b the
transition does not occur), Bates derived a total cross section for the transition
[76]

- AFE?

Before nearly perfect single-crystal surfaces could be used for measure-
ments of the KE yield as in [31], promotion of quasi-molecular levels was a ma-
jor obstacle to investigate the low-velocity threshold of kinetic emission. For
very grazing angles of incidence the projectile trajectory has a turning point
some a.u. in front of the topmost atomic layer. Since promotion to positive en-
ergies occurs for most target-projectile combinations only for distances smaller
than 1.5 a.u., this channel for KE should not contribute. Surface imperfections
(steps), however, destroy the channeling conditions along the smooth surface
potential. Projectiles hitting surface steps get into close contact with target
atoms reducing the internuclear distance. The term “surface assisted KE” was
introduced to characterize this source of electron emission [69].

021 (v) e (1 + C2§E> exp(—ca AE/v) . (1.87)
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1.5 Many-body Effects: Density Functional Theory

1.5.1 Ground State Calculations

Describing stationary states as well as the evolution in time of a large sys-
tem consisting of charged particle is, due to the large number of particles in-
volved, out of reach. However, mean-field theories such as density-functional
theory (DFT) promise a drastic simplification of the calculation. DFT is based
on the notion that all physical observables can be written as a functional
of the electron density. It has been shown that there exists a unique map-
ping between electronic potential and ground state density. Instead of the
N-particle wavefunction, the density is constructed as the sum over single-
particle pseudo-wavefunctions which are solutions of the set of Kohn-Sham
(KS) equations [77],

Ho(r)i(r) = (T + Ve (r) + Vae[n(r)]) @i(r) = gi0i(r) (1.88)
no(r) = Z los(x)|?,  (1.89)

where n(r) is the electron density at position r and V., and V. are the elec-
trostatic and exchange-correlation potentials, respectively. The Kohn-Sham
orbitals ¢;(r) should not be interpreted as approximations to single-particle
wavefunctions. Instead, their significance lies in the fact that they add up to
the exact ground state density [see Eq. (1.89)] if the total energy of the system
is minimized [78] and the exact exchange-correlation potential V. [n(r)] were
available. The latter, however, is in practice not the case. Different approx-
imations to V.[n(r)] have to be employed, in most cases optimized for the
specific case investigated. For large systems, a local exchange-correlation po-
tential which is given as a functional of the electron density n(r) is frequently
employed (local density approximation, LDA),

0.611 0.587
Vaeln(r)] = rs(n)  (rs(n) +7.8)2

(rs(n) + 5.85) . (1.90)

rs is the Wigner-Seitz radius defined by n = 3/47r3.

One application of DFT for the groundstate of a metal surface for atom-
surface collisions is the calculation of the Compton profile, i.e., the momentum
density which enters the calculation of electron emission in the impulse ap-
proximation or, equivalently, the binary encounter approximation. Starting
point are the KS-orbitals associated with band index n and wavevector k
within the first Brioullin zone which can be written as

Ynae(r) =Y cnxc(G) TS (1.91)

G

where G is a reciprocal lattice vector. The KS orbitals ¢, x(r) can be com-
bined to give the electron density
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Fig. 1.12. Distribution of conduction-electron momenta parallel to the surface for

Al1(100) and Al(111) surfaces as a function of the distance from the topmost atomic

layer. The intensity at kr is indicated by the black arrow. Dots are experimental

estimates [82] for a “local Fermi velocity” (from [79])

p(x) = 3" oce(n, k) wie [ ac(r) (1.92)

n,k

with occ(n, k) and wy being the occupation of the level with index n,k and
a weighting factor for the symmetry of the point k in reciprocal space, re-
spectively. Fourier transforms of the wavefunctions ¢, «(r) from spatial to
momentum coordinates and summing over n and k give the desired momen-
tum distributions. Figure 1.12 represents the two-dimensional Fourier trans-
form [79] as a function of the momentum parallel to the surface, |qj],

p(a,2) = > occ(n, k) w |l 2)|

n,k
x Zocc(n, k) wy Z cnx(G)e 1 (G') eHG==GL)z (1.93)
n.k G.G/

x 8(ay — (ky + Gy))d(qy — (k) + G))) -

As an example, we show calculations with the ABINIT code [80] using
structure-optimized pseudopotentials in the generalized gradient approxima-
tion to the exchange-correlation potential taken from ref. [81]. The resulting
momentum distributions (Fig. 1.12) display significant contributions from q
above the Fermi wavenumber |q| > kr to the Compton profile. They are
the root cause of the so-called “sub-threshold” emission. Furthermore, the
momentum distribution is found to depend on the orientation of the crystal
structure (see Fig. 1.12).

Obviously, a realistic momentum distribution in a metal is far from a
Fermi distribution derived from the free-electron model that lacks momentum
components above kg. Instead, electron correlation and the corrugated surface
potential induce the presence of higher momenta. Using such a momentum
distribution it is possible to explain the observed sub-threshold KE [82] within
the framework of TA or BEA (see also Chap. 4).
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1.5.2 Time-Dependent Density-Functional Theory

The term time-dependent density-functional theory (TDDFT) is used for two
distinct methods: on the one hand, for linear response calculations accounting
for exchange-correlation corrections from DFT [see Sect. 1.2.2, Egs. (1.19)
and (1.20)], on the other hand, for the time propagation of self-consistently
calculated pseudo-wavefunctions. Here, we focus on the latter.

Having calculated the ground-state density of the system it is possible to
propagate the pseudo-wavefunctions in time under the influence of an exter-
nal perturbing potential, in the present case the time-dependent field of the
scattered ion (atom). Theorems have been established [83] that are the time-
dependent equivalents to those of Hohenberg and Kohn for the static ground
state [78]. One of them proves the one-to-one mapping of time-dependent
potentials and time-dependent densities. Therefore, the time-dependent den-
sity determines the external potential uniquely (up to an additive purely
time-dependent function). On the other hand, the potential determines the
time-dependent wavefunction, making the expectation value of any quantum
mechanical operator a unique functional of the density. Consequently, one can
construct the time-dependent version of Egs. (1.88) and (1.89) as

H(r, t)pi(r,t) = {T + Vepsn(r, )] ypi(r,t) = i%wi(r,t) (1.94)

n(r,t) = Z i(r, ) (1.95)

with Vers(r,t) containing the time-dependent Hartree, exchange-correlation,
and external potentials. Time-dependent wavefunctions of Eq. (1.94) are prop-
agated from time t to time ¢t + At by

pi(r b+ At) = e [T HED A gy (1.96)

Using such a time-dependent simulation gives access to information on the
early stages of the interaction. For example, the formation of a polarization
layer at the surface which shields the inside of the solid against the external
charge can be studied. Likewise, the first electron transfer above or through
the potential barrier [84] can be observed, an example of which is shown in
Fig. 1.13. The simulation of the complete neutralization sequence is still out
of reach as two-electron processes (e.g. autoionization) are not yet included
in this mean-field theory. Future “full” simulations will require to also cal-
culate occupation probabilities for the electrons transferred from the surface
to the incoming ion. This, however, is not a straight-forward matter of pro-
jecting KS-wavefunctions on projectile states. Only recently a functional has
been developed that allows, in principle, for the extraction of time-dependent
occupations for a two-electron model system [85].
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Fig. 1.13. Self-consistently calculated potential energy surfaces (top pictures) and
induced density change (bottom pictures) for a triply charged projectile approaching
a surface with rs = 3 a.u. and W = 0.33 a.u. For large ion-surface distances R, the
projectile induces a polarization layer in the target (left panels). At smaller distances
electron transfer to the ion becomes possible (right panels)

1.6 Open Questions and Future Directions

Ab-initio simulations of electron emission in ion-surface and atom-surface col-
lisions remain a challenge for theory in the foreseeable future. Based on the
progress made over the last decade, on can realistically expect that for a few
effective one-electron processes fairly complete simulations of the electron dy-
namics within the framework of the time-dependent density-functional theory
method will be forthcoming. Since for oblique incidence of the classical trajec-
tory of the heavy particle the problem is fully three-dimensional without the
opportunity to effectively reduce the number of degrees of freedom, even such
“simple” problems remain a challenge. “Super-cell” methods invoking peri-
odic boundary conditions to account for extended systems are intrinsically
difficult to apply because of the long-range Coulomb field and the extended
range of grazing-incidence trajectories. A prototypical case would be electron
emission induced by protons scattered at a metal surface.

For more complex electronic processes involving electron correlation or
“hard” electron-electron interactions beyond the mean-field level, an ab-initio
treatment appears beyond current capabilities. Prototypical examples for the
latter would be electron emission by Auger dacay, Auger capture, or Auger
deexcitation. Here hybrid classical-quantum methods are likely to be most
successful. Rates and matrix elements of effective one-electron processes may
be calculated from TDDFT while those for (correlated) two-electron processes
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can be determined from more sophisticated multi-electron approaches includ-
ing the multi-reference configuration interaction (MR-CI) method [86] and
Bethe-Salpeter equations [87]. Those rates may then serve as input into multi-
electron transport simulations based on either classical [52] or quantum [88]
dynamics.

Future applications will likely address several technologically relevant is-
sues. They include detection and detailed mapping out of surface ferromag-
netism and anti-ferromagnetism by energy- and angle-resolved spectra. An-
other topic of interest would be electron emission accompanying nanostruc-
turing by ion impact. Highly charged ions create dot-like defects (“blisters” or
“craters” [89, 90]) involving the displacement of thousands and the emission
of hundreds of surface atoms. Studying both theoretically and experimentally
the correlated electron emission from a single dot would be of considerable
interest, both for the understanding of blister formation and for diagnostic
purposes. Another avenue of future investigations is the transmission through
nano-capillaries. While ionic guiding effects have been observed [91-94] and
simulated [53], little is known about the concomitant electron emission. Mean-
while also electron guiding through nanocapillaries has been detected [95].

Part of this work was performed in collaboration with S. Deutscher, C.O.
Reinhold, K. Schiessl, B. Solleder, K. Tokesi, X.-M. Tong, and L. Wirtz. Dis-
cussions with R. Abel, M. Alducin, A. Arnau, F. Aumayr, P. Echenique,
R. Morgenstern, R. Schuch, N. Stolterfoht, Y. Yamazaki, HP. Winter, and
H. Winter are gratefully acknowledged. Work supported by FWF special re-
search program SFB016 “ADLIS” and by EU-projects HITRAP (HPRI-CT-
2001-50036) and ITS-LEIF (HPRI-CT-2005-026015).
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Photon and Electron Induced Electron
Emission from Solid Surfaces

Wolfgang S.M. Werner

The emission of electrons from solid surfaces under photon and electron impact
is discussed. The focus of this contribution is on the transport of electrons from
their point of generation inside the solid to the surface. The physical quantities
characterizing the electron—solid interaction are introduced and their sources
in the literature are given. The theory for multiple scattering is outlined in
some detail and spectrum processing procedures based on it are explained.
The theoretical concepts are illustrated by means of experimental examples.
The considered phenomena include elastic and inelastic electron reflection
from solid surfaces, Auger— and photoelectron emission and secondary electron
emission.

2.1 Introduction

Emission of electrons from solid surfaces can be brought about by a huge va-
riety of different physical processes, such as bombardment of the surface with
e.g., electrons [1-3], photons [4] or heavy charged particles [5-7], by heating a
specimen giving rise to thermal emission [8], or by subjecting it to a high elec-
tric field leading to field—emission [9]. When the excitation process involves a
sufficient energy transfer to the solid to ionize atoms in the specimen, electrons
with an energy characteristic for the considered energy level of the solid, such
as Auger— or photoelectrons can be created, that can be used to characterize
the composition, the chemical, electronic, magnetic or crystallographic struc-
ture of a surface. Otherwise, the transferred energy is dissipated in a cascade
of excitation processes involving the subsystem of free or weakly bound solid
state electrons that eventually gives rise to emission of slow electrons which
are observed in the low kinetic energy part of an electron spectrum as a broad
and rather featureless peak typically below <10 eV.

Particle induced electron emission is commonly interpreted in the frame-
work of a very general physical model, the so—called three step model, in which
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the excitation of the emitted electrons, their transport from the point of liber-
ation inside the solid into vacuum and their escape over the surface—vacuum
barrier are treated as three separate steps. The electron excitation mecha-
nism obviously depends on the details of the employed process, but similar
mechanisms are relevant in different processes. For example, when a slow ion
that approaches a surface is neutralized by electron capture from the surface,
the sudden change in the potential gives rise to charge density oscillations
(“plasmons”) in the vicinity of the surface that lead to a slowing down of
the incoming particle and decay after a few oscillations. In consequence, the
incoming particle suffers a characteristic energy loss, which is difficult to ob-
serve experimentally. In further consequence, a slow electron with an energy
characteristic of the frequency of the oscillation is emitted, a phenomenon
which has been observed in several experiments and is known as potential
emission of plasmons, treated in detail in Chap. 6 of this book. Likewise,
when an atomic core level inside a solid is ionized during a photoelectric tran-
sition, the solid state electrons screen the core hole —that represents a strong
and sudden perturbation— and a characteristic oscillating field is set up inside
the solid, which decelerates the emitted photoelectron and eventually decays
thereby transferring its energy to a solid state electron. The latter can be
observed in the peak of slow electrons in a spectrum. In the case of photoe-
mission the characteristic loss is easy to observe in the form of a plasmon loss
structure accompanying the characteristic photopeak, the so—called intrinsic
plasmons [4]. However, it is difficult to distinguish these from the excitations
that occur when the electron traverses the solid on its way to the surface, the
so—called extrinsic plasmons. Note that the excitation of extrinsic plasmons in
photon induced experiments is similar to the mechanism giving rise to parti-
cle induced kinetic emission. In the case of photon induced electron emission,
the liberation of characteristic photoelectrons is the most important feature
of the process and the decay of the elementary excitations initiated, which
also produces a broad peak of slow electrons in the spectrum, has not been
studied as extensively as for particle induced electron emission.

The above makes it clear that the response of the solid to the incoming
particles, be it photons, electrons, ions of any charge state and the like, always
represents an important aspect of the electron excitation mechanism, even if
the excitation mechanism per se is essentially different. This statement per-
tains in a much stronger form to the fate of the liberated electrons since they
interact with the solid in ezactly the same way, at least within the concept of
the three—step model. In other words, the second step of the three step model,
the electron transport to the surface, is common to all phenomena related to
electron emission induced by bombarding a surface with electrons, photons
or particles. Since electrons have a finite rest mass, energy and momentum
conservation make it unlikely for them to be absorbed during an interaction
with the solid. This has the beneficial effect that electron emission from solids
is a commonly observed phenomenon (justifying the writing of the present
book) but also has the side effect that electrons experience strong multiple
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scattering. This implies that the energy and angular distribution as well as
the spin—statistics at the instant of generation are generally distinctly differ-
ent from the respective distributions recorded in an experiment. Therefore,
understanding the details of the electron transport process is essential for in-
terpretation of experimental electron spectra. It is the purpose of the present
chapter to review the fundamental physical quantities and theoretical basis for
electron transport in solids and to highlight experimental results illustrating
the phenomena discussed and concepts employed.

As noted above, one of the main questions in this connection is how a
given energy, angular and spin distribution at the source is changed by the
interaction and transformed into the measured spectrum. Experimentally this
can be studied by directing a monochromatic, ideally collimated beam of elec-
trons of a single spin state onto a surface and measuring the spectrum after
the beam traverses the solid. Since electron transport is a linear phenomenon
and the resulting spectrum is closely related to the “Green’s function” of the
transport problem, this allows one to model the spectrum for any arbitrary
source distribution by superposition. In the range of electron energies of inter-
est in the present book, the best realization of such an experiment is reflection
electron energy loss spectroscopy. Therefore, the present discussion on elec-
tron transport phenomena is not restricted to electron emission experiments
but also treats electron backscattering as an additional essential aspect of the
field.

The discussion in this chapter is focussed on the transport of medium
energy electrons, i.e. electrons with kinetic energies in the range of the binding
energies between the most weakly and most tightly bound core electrons in
the range between 50 eV and 100 keV. However, links to slow electron energy
transport will be given whenever possible. Ion induced electron emission is
treated in Chap. 7. Furthermore, to remain within the scope of this book, the
electronic spin will be entirely disregarded and diffraction effects (coherent
scattering) will be neglected throughout this chapter. This does not imply
that the results are invalid for single crystals since imperfections in crystals
lead to decoherence in the transport in which case the concepts outlined here
can again be applied to the crystalline state [10].

The structure of this chapter is as follows: in the theory section the physical
quantities governing the electron transport are introduced and discussed and
illustrated with examples. The theory of electron transport is outlined in the
next section using a Boltzmann—type kinetic equation as a starting point.
On the basis of the solution of the kinetic equation, spectrum deconvolution
procedures are treated in the subsequent section. Examples are given in the
following sections on electron reflection, Auger and photoelectron emission
and the emission of secondary electrons.
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2.2 Theory of Electron Transport

2.2.1 Characteristics of the Electron—Solid Interaction

During the interaction with a solid, the momentum of an incoming electron
is dissipated away over the large number of degrees of freedom of the solid.
The degrees of freedom of the probing electron are subject to fluctuations
caused by the interaction. Energy and momentum conservation require any
momentum transfer to be accompanied by an energy transfer. However, for
medium energy electrons large directional changes are often accompanied by
a negligible energy transfer and vice versa [11]. In this energy regime, it is
therefore useful to distinguish between elastic and inelastic processes. Here an
elastic collision is understood as an interaction with the ionic subsystem of the
solid in which the internal energy of the collision partner remains unchanged
by the interaction. Inelastic processes on the other hand are dominated by
the electronic excitations of the solid.

The different types of interaction processes relevant in the medium en-
ergy range are schematically shown in Fig. 2.1. The elastic interaction can be
conceived as a scattering process between the incoming electron and a static
screened Coulomb potential (e.g. a Thomas—Fermi-Dirac potential [12]) that
is assumed to be unperturbed by the collision [6, 7]. The differential elas-
tic scattering cross section can be obtained on the basis of the partial wave
expansion method [13, 14]. The average distance between successive elastic
collisions, the so—called elastic mean free path (EMFP), is related to the in-
tegral of the cross section over the unit sphere as:

AL = Na/d”e (£2)dR2 (2.1)
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Fig. 2.1. (a) schematic illustration of an elastic collision of an incoming electron
with the ionic cores of a solid. The kinematics in an elastic collision are also indicated.
Note that the momentum transfer along the incoming direction |k|(1—cos 8) becomes
comparable to the initial momentum only for scattering angles of the order of 7/2
or larger. (b) Schematic illustration of the different modes of inelastic scattering;
(c) kinematics in an energy loss process for a nearly free electron material
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where N, is the atomic density. The kinematics in an elastic process are also
indicated in Fig. 2.1a. The momentum transfer along the original direction is
seen to be proportional to (1 — cosf) where 65 is the polar scattering angle.
The transport mean free path (TRMFP) measures the momentum transfer
along the initial direction:

doe
A= N, / (1= cos0,) 2% (2)an (2.2)
ds?
4m
Since for an elastic process one has |k| = |k/|, it follows that the momentum

transferred along the initial direction becomes comparable to the initial mo-
mentum only when 6, > /2. Therefore the transport mean free path is the
typical distance an electron travels until it “forgets” its original direction. In
other words, the transport mean free path is the characteristic distance for
momentum relaxation.

In a solid, A large number of different inelastic excitation channels ex-
ist, that include plasmons, inter- and intraband transitions, electron hole pair
generation, inner shell ionization etc. [15-17]. A physical model for the in-
elastic electron—solid interaction is provided by linear response theory that
conceives an energy loss process as a decelaration of the probing particle in
a polarization field set up during the interaction. Three different modes of
the inelastic interaction can be distinguished (see Fig. 2.1b): Bulk (volume)
excitations that occur inside an infinite medium when the polarization field is
set up as a response to the probing particle (subscript “b” in the following).
Surface excitations that occur as a consequence of the boundary conditions of
Maxwell’s equations at either side of an interface of two media with different
electrical susceptibility (subscript “s” in the following). In the case that the
above processes are experienced by a signal electron (i.e. an Auger or pho-
toelectron) that was generated in the course of an ionization process these
loss mechanisms are refered to as extrinsic losses, to distinguish them from
an energy loss inherent to the ionization. The latter process, in which the
decelarating field is set up by the response to the sudden appearance of the
core hole, is refered to as an intrinsic loss (subscript “i” in the following).

The energy transferred from the probing electron to the elementary ex-
citations of the solid is related to the frequency and wavenumber dependent
dielectric function of the solid e(w,q) (see Chap. 1 for a fundamental dis-
cussion of linear response theory). In the bulk of the solid the distribution
Wi (T') of energy losses T' = w per unit pathlength and energy loss is given by
the so-called differential inverse inelastic mean free path (DIIMFP) and can
be expressed in terms of the dielectric loss function I'm{—1/e(w,q)} via the
relationship [18]:

Wy (T) = ;E/Ciqum[g(;}q)} (2.3)

Here FE is the energy of the probing particle and ¢ denotes the momentum
transfer. Note that atomic units are used throughout this chapter, unless noted
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otherwise. The kinematics in an inelastic process are sketched in Fig. 2.1c for
a nearly free electron material with a quadratic dispersion. The minimum and
maximum momentum transfer for a given energy loss T' follow from energy
and momentum conservation and are seen to be given by

qx = V2E +/2(E—T),

The hatched area corresponds to occupied states in the solid determining
the maximum energy transfer allowed by Pauli’s exclusion principle Thax =
FE — Er, Er being the Fermi energy of the solid.

The average distance between successive inelastic collisions is given by the
inelastic mean free path (IMFP):

N(E) ™t = /W,,(T, E)dT , (2.4)
0

The mean energy loss in an individual collision is given by the first moment
of the distribution of energy losses:

(T(E)) = / Twy(T, B)dT (2.5)
0

where wy, (T, F) is the normalized DIIMFP wy, (T, E) = W3(T, E)\;. As can be
seen in Fig. 2.3 below, the normalized DIIMFP depends only weakly on the
primary energy wy(T; E) ~ wy(T) and, as a consequence, the mean energy
loss is also approximately energy independent (T'(E)) ~ (T'). The mean energy
loss per unit path length, the stopping power, can therefore be written as:

ar, . (T)
E(E)_Ai(E)

(2.6)

Finally, the linear range R, is the path length the particle travels until its
energy is entirely dissipated away to the solid:

Eyo

R= / (ig)ldT (2.7)

min

where El, is usually chosen as 50 eV, by convention.

Surface excitations are additional modes of the elementary excitations of
the solid that arise near an interface as a consequence of the boundary con-
ditions of Maxwell’s equations. These modes decay rapidly with the distance
from the interface and are orthogonal to the volume modes. In other words,
surface and bulk excitations are coupled, making a distinction between them
essentially artificial. For all practical purposes it is nonetheless useful to de-
fine volume excitations as the energy loss processes taking place in an infinite
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boundless medium and surface excitations as all changes in the excitation
probability due to the presence of the boundary. As mentioned above, these
modes are coupled. A simple physical model of this coupling is the partial
depolarization of the bulk charge by the additional surface charge. Therefore,
the strength of volume excitations is decreased in the vicinity of the sur-
face at the expense of surface excitations, a phenomenon often referred to as
“Begrenzungs”-effect in the literature, after the German word for boundary.
Several models for surface excitations have been put forward in the past
decades [19-28]. The typical energy loss in a surface excitation, fiws is some-
what smaller than for bulk excitations. In the Drude model the surface plas-
mon energy is given by: hwg ~ hwy/ V2. The distribution of energy losses in
a surface excitation depends in a complex manner on the direction of surface
crossing, the depth below the surface and the energy loss. The depth scale
where surface excitations contribute significantly to the overall energy loss is
given by v/ws, where v is the electron speed. This characteristic depth is of
the order of ~ 5A for medium energy electrons. Since the typical penetration
depth, governed by the IMFP, exceeds the thickness of the surface scatter-
ing zone by a factor of two or more, the infuence of surface excitations on
the energy loss process is most conveniently given in terms of the normalized
distribution of energy losses ws(T,0) (often refered to as differential surface
excitation probability, DSEP) being equal to the inverse differential mean free
path integrated over the surface scattering zone.
Tung and coworkers [25] give the following expression for the DSEP,
Wo(T):
Wi(w,0,E) = P (w,0,E) + P, (w,0,E) , (2.8)

where the quantity PF(w, 6, E) is defined as

a+
1 |43 |dg (e(w, q) — 1)?
P:t 0.E) = S T ’ 2.9
Fw0.8) = s [l | Sl 29)
q_
cos @ denotes the off-normal surface crossing direction, and
971/2 )
n s [w+ q2) (w +q ) .
= — cosf + sin@ . 2.10

The total surface excitation probability (ns(6)) is obtained from expression
(2.8) by integrating over the energy loss. This quantity is equal to the average
number of surface excitations in a single surface crossing, giving the normal-
ized differential surface excitation probability as ws(T,0) = W, (T, 6)/(ns(9)).

The dielectric function can be obtained from compilations of optical data
(see e.g. Refs. [32-34]). An example is shown in Fig. 2.2a that compares the
real and imaginary parts of ¢ for Cu in Palik’s book [32] (dashed lines), values
obtained with Density—Functional-Theory above the ground state [30, 31] and
data obtained from analysis of Reflection Electron Energy Loss Spectra [35]
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(open and filles circles). Figure 2.2b shows the functions of € in the integrands
of Egs. (2.3) and (2.9), refered to as the volume and surface “loss function”
since these quantities determine the shape of the energy loss distribution in an
individual inelastic process for zero momentum transfer. Note that the surface
loss function shown in the upper panel of Fig. 2.2b has a negative excursion at
about 28 eV, just at the position of the maximum in the volume loss function.
This is a consequence of the coupling of the surface and bulk modes and
is in agreement with the definition of surface excitations introduced above:
The surface loss function is the difference between the “pure” surface loss
term and the (negative) coupling term and becomes negative whenever the
former exceeds the latter. Note that near the resonance (¢ ~ —1), the surface
loss function can approximately be written as Zm — 1/(1 + ), an expression
often found in the literature. It is to be noted, however, that the shape of
this simplified loss function is significantly different from the more accurate
expression displayed in Fig. 2.2b.

The differential inverse inelastic mean free paths (DIIMFP) for Cu and
SiOq derived from dielectric data with Eq. (2.3) are shown in Fig. 2.3 (a) and
(b) respectively, on a semi-logarithmic scale for several primary energies. It
can be seen that the electronic structure of these materials is distinctly dif-
ferent, the most prominent difference being the energy gap of SiO; of ~9 eV,
giving rise to a vanishing probability of energy losses below this value. Note
also that the shape of the energy loss distribution in an individual collision de-
pends only very weakly on the primary energy, at least for the most prominent
part of the energy loss distributions <100 eV.

Im{(e-1)%/ e(e+1) } ° REELS ]
— -Palik

T e, REELS —DFT

€ ]
J— SO

Im{-1/ €}, Im{( e-1)%/ e(e+1) }

30 40 50 60
Energy loss T (eV)

o 10 20 a0 40 so 60 10 20
(eV)
Fig. 2.2. (a) Dispersive, €1, and absorptive part, €2, of the dielectric function of
Cu retrieved from REELS data presented in Fig. 2.9 (open circles) compared with
Palik’s data [29] (dashed curves) and with results from DFT calculations (solid
curves) [30, 31]. Open and filled circles: REELS e1 and e2 respectively; Thick and
thin solid line: DFT &1 and &2 respectively; Thick and thin dashed line: Palik’s data;
(b) Volume and surface loss function of Cu retrieved from REELS data shown in
Fig. 2.9 below(open circles) compared with DFT results (solid curves) and Palik’s
optical data (dashed curves)
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Fig. 2.3. Differential inverse inelastic mean free path (DIIMFP) for Cu (a) and
for SiO2 (b) for various energies on a semilogarithmic scale. Note that the shape of
the DIIMFP is almost independent of the energy. (c) Differential surface excitation
probability (DSEP) for 1000 eV electrons crossing a Cu surface for surface crossing
directions of 0, 40, 60 and 70°
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Fig. 2.4. Inelastic (\;), elastic (Ae) and transport (As) mean free path and linear
range (R) for Cu and SiO3 as a function of the electron energy. The thick solid curve
represents the scattering parameter x = A; /At

Figure 2.3c shows the differential surface excitation probability (DSEP) for
500 eV electron crossing a Au-surface for various off-normal surface crossing
directions. Note, again, that the DSEP has a slight negative excursion at
around 40 eV, being a consequence of the coupling of the surface and bulk
modes, and that the shape of the energy loss distribution is very similar for
any surface crossing direction.

The relevant pathlengths for electron transport, the inelastic mean free
path (IMFP, )\;), elastic mean free path (EMFP, \.) and transport mean free
path (TrMFP, \;,.) as well as the linear range (R) are summarized for Cu and
SiO; in Fig. 2.4. The energy dependence of the elastic and inelastic mean free
path as well as for the transport mean free path and the linear range is seen to
be similar for both materials above 2200 eV. For lower energies the bandgap
of SiO4 causes a steep increase in the IMFP—curve that is absent for Cu.

The characteristic pathlengths discussed above are all measured along the
particle’s trajectory. In many cases the more interesting question is how an
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electron beam is attenuated when passing between two arbitrary points in
space, i.e. the characteristic distance, A, for electron beam attenuation is
the most relevant quantity. Within the framework of linear tranport theory,
employing so—called the transport approximation, A, is found as [36, 37]

>\i>\tr

Ao = v
YN e

(2.11)

where vq is the positive root of the characteristic equation

1
1= X gt (2.12)
2(1 + X) vg—1

and the quantity
X = Ai/ Aer (2.13)

represents the so—called scattering parameter. For x < 1 one finds the approx-
imate expression vg ~ 1+ 2exp{—2(x +1)/x} [38]. The scattering parameter
is shown as the thick solid curve in Fig. 2.4. For energies above ~50 eV, the
value of the scattering parameter is seen to be less than unity, while it rises
steeply for smaller energies. This behaviour is generally observed for any solid
material and is very important since it defines two different regimes of the
electron transport: for energies below <100 eV the transport is dominated
by momentum relaxation, while for higher energies the attenuation is mainly
determined by energy fluctuations. This can be seen by writing Eq. (2.11) in
the two limiting cases of large and small scattering parameters as follows:

1
Ao = — A &= A, <1
1+x X
X
A~ =X A A, x> 1 2.14
Ty try X (2.14)

Physically, these results can be understood as follows: when the transport
mean free path is much larger than the inelastic mean free path, the particle
suffers many inelastic collisions before it is deflected over a significant angle.
Then, obviously, the inelastic mean free path determines the particle atten-
uation. Conversely, if the transport mean free path is much smaller than the
inelastic mean free path, the particle is deflected many times before an energy
loss takes place and the pathlength it travels between any two points in space
significantly exceeds the distance between these points. Then the attenuation
is governed by the transport mean free path. In conclusion, it can be stated,
that for small values of the scattering parameter (e.g. in the medium energy
range relevant for electron spectroscopy), the energy dissipation is dominated
by energy fluctuations, while for large values of the scattering parameter (e.g.
for low energies relevant for the emission of true secondaries) it is the relax-
ation of the particles momentum that governs the attenuation of the beam.
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2.2.2 Multiple Scattering

The foundations for a theory describing multiple scattering in amorphous
matter were established several decades ago. In 1940, Goudsmit and Saun-
derson studied the angular distribution of electrons transmitted through thin
films [39]. They considered the case of small scattering angles, allowing them to
make the approximation that all pathlengths are equal. Energy losses where
alltogether neglected in this theory. A few years later, Landau studied the
energy loss of particles passing through a foil [40]. He neglected deflections
and considered a case where the total energy loss is small compared to the
original energy of the particle. Then the variation of the interaction character-
istics with the energy loss can be neglected, an approach commonly referred to
as quasi—elastic approximation. At that time it was difficult to go beyond the
approaches mentioned above since knowledge about the interaction character-
istics was still rather sparse, a circumstance which has greatly improved since
then. The commonly accepted model for electron transport in non—crystalline
media, where diffraction effects can be neglected [10], combines these two early
approaches in the framework of a Boltzmann type kinetic equation, as will be
outlined below.

To study the electron transfer between the point of generation (either
inside the solid in the case of emission experiments, or in vacuum in the
case of reflection experiments), and detection in the analyzer it is usually
assumed, for simplicity, that the energy fo(E’), angular go(€2') and depth
¢o(2") distribution of the sources emitting the signal electrons are uncorrelated.
The source function So(E’, €Y, z’) can then be factorized into terms for the
energy, angular and depth distribution:

So(E", ¥, 2") = fo(E") x go(¥) x co(2') (2.15)

Here and below the symbol © = (6, ¢) is used to indicate the direction of mo-
tion of an electron, as well as a change in the direction of motion. It is obvious
that except in the valence-band region in photoemission spectra, where the
source energy and emission direction are known to be strongly correlated, this
starting assumption is usually reasonable. The main question then is how the
source spectrum So(E’, Q') 2’) is changed by the electron transfer to give rise
to the energy and angular distribution Y (E, Q) detected in an experiment.
The answer is provided by the Green’s function G(s,T,u) for the problem
that is often referred to as the loss function in the present context. The gener-
alized loss function G(s, T, ) describes the distribution of energy losses T and
net deflection angles 6 = arccos i1 after travelling a pathlength s = |x — x|
between the two points x and x” in a homogeneous medium. Here and below
the dependence on the azimuth will be suppressed since it is assumed that
the scattering potentials are radially symmetric, giving rise to a cylindrical
symmetry of scattering. Since the transport equation is linear, the solution
satisfying the boundary conditions and source function for a specific problem
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can be found by superposition once this generalized loss function (that ac-
tually represents the Green’s function of the problem) has been established.
Following Landau [40], standard arguments can be used to derive the kinetic
equation for the generalized loss function:

83 // (s,T, p) — G(s,Tl,m)}w(Tg,ug)dQQdTg (2.16)

—o0 41

In this equation, the energy loss and angular variables before (71, 1), during
(T2, p2) and after (T, u) the collision are related via:

To=T-1T
to = pip+ vivcos(d — ¢1) (2.17)

The symbols u, v are a shorthand notation for the cosine and sine functions
respectively, and ¢ and ¢ are the azimuths. The quantity w(T, u) = A\W (T, 1)
is the normalized inverse differential mean free path for scattering (i.e. the
distribution of scattering angles and energy losses in an individual collision)
and A is the total mean free path:

2 T W (T, p)dxdT (2.18)
/]

—oo 41

Note that in Equation (2.16) the energy loss range is formally extended down
to —oo allowing for an energy gain in a collision (e.g. in electron—phonon
scattering).

The second term on the right hand side of Equation (2.16) represents a
convolution over the energy loss and deflection angles. Therefore, it is more
convenient to solve this equation in Fourier-Legendre (FL) space [41, 42].
Introducing the collision number distribution Wy (s), that describes the N—
fold scattering probability as a function of the travelled pathlength:

678/>\ s\ IV
Wi(s) = Pu(s/N) = 57— (X) : (2.19)

one finds the simple and general solution for the loss function [41]:

G(57T7 .u) = Z WN(S>FN(Ta ,LL). (220)
N=0

The factor I'ny(T,u) in Equation (2.20) that represents fluctuations in the
energy loss and deflection angles, is given by the (N — 1)—fold selfconvolution
of the differential mean free path, following the recursion relationship [43]:
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I}\/(T’7 ,u) = / /FN_l(Tl,ul)w(Tg7M2|EN_1)dT2dQQ (221)

—oo 4w

Equation (2.20) represents a most general way to describe the particle
transfer within the framework of a linearized Boltzmann equation. It expresses
the loss function in terms of an expansion of the collision statistics and the as-
sociated fluctuations in the energy losses and deflections. As discussed above,
for the medium energy range, one can separate the angular and energy part
of the interaction by writing the normalized differential mean free path in the
following form:

Lo+ 2 (o) (2.22)

The quantity we () = NgAe(doe/du) represents the normalized elastic scat-
tering cross section (see Equation (2.1)). The subscripts “i” and “e” indicate
inelastic and elastic scattering.

Introducing the number of inelastic (n;) and elastic (n.) collisions after
N(= n; + n.) arbitrary collisions and inserting the above expression into

Equation (2.20) gives:

G(s, T, p) = ZWm I, ZWne L. (1) (2.23)

n; =0 ne=0

Here the functions I5,, and I}, now represent the self-convolutions of the
inelastic and elastic terms in the differential mean free path. Likewise, the
quantities W,,_(s) and W, (s) represent the stochastic process for elastic and
inelastic scattering (see Equation (2.19)). The second factor, i.e. the elastic
collision expansion, is identified as the distribution of pathlengths in an infinite
medium, Q(s, u) [39]:

ZWM Ty, (1) (2.24)

ne=0

and one obtains:

G(s, T, p) Z L, (TYWy, (5)Q(s, 12) (2.25)

n; =0

The first factor in the sum represents the energy loss fluctuations after a given
number of inelastic collisions n;, while the second and third factor together
govern the collision statistics, i.e. the number of particles that suffer n; colli-
sions. The shape of the pathlength distribution determines whether the energy
dissipation proceeds predominantly via energy fluctuations or by momentum
relaxation: if the pathlength distribution is a sharply peaked function, the
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energy spectrum will exhibit the signature of the characteristic energy losses
in the DIIMFP, since only a few collision orders contribute to a given en-
ergy loss. When the pathlength distribution is broad, many more collision
orders contribute to a given energy loss and the characteristic losses will be
smeared out. In consequence, the energy distribution resembles the distrib-
ution of pathlengths rather than the characteristic energy losses caused by
energy transfers to the elementary excitations of the solid. It should be kept
in mind that the value of the scattering parameter x determines whether the
pathlength distribution is a sharply peaked or a smooth and broad function.
When x > 1, many deflections take place before a particle loses energy giving
rise to a broad pathlength distribution and emphasizing the role of momentum
relaxation in the energy dissipation process, while for small values of y < 1,
energy fluctuations play the main role in the energy dissipation process.

Thus, if the condition Equation (2.22) is satisfied, the problem of solving
for the particle transfer in a non-crystalline medium has been reduced to find-
ing the pathlength distribution Q(s, i) satisfying the boundary conditions of
the considered problem. It should be noted that although an exact expression
has been found for an infinite medium Eq. (2.24), it is by no means trivial
to find the pathlength distribution for the particle transfer near a surface. In
such cases one usually has to resort to numerical calculations (such as a Monte
Carlo model, see e.g. Ref. [11, 44]) or employ the usual techniques of linear
transport theory [38, 45, 46] (see Refs. [47-49] for applications to electron
scattering).

When deflections are neglected (A\e — 00), only the zero order term in
Eq. (2.23) in the function W, _(s) differs from zero and as a consequence
Q(s,u) = 6(p)/4m. This implies that the particles’ direction remains un-
changed when it travels an arbitrary distance in the solid, a situation coincid-
ing with the rectilinear motion model. In this case the loss function becomes:

G(s,T) = > W ()T, (T) (2.26)

’ﬂri:O

This is just the collision expansion of Landau’s original result [40, 43].

In the quasi—elastic case, when the interaction characteristics are approxi-
mately independent of the energy, the stochastic process for multiple scatter-
ing is given by the Poisson distribution, Wy (s) = Pn(s), Eq. (2.19). Beyond
the quasi-elastic regime, when the number of collisions increases, the energy
dissipation process is more and more determined by momentum relaxation
rather than by energy fluctuations since the pathlength distribution becomes
very broad [43]. Then Equation (2.20) may be further generalized to account
for the energy dependence of the interaction characteristics by using [43]

N
Wi (s) = Wy(s) = % (ASN) w (2.27)

Here Ay represents the average mean free path after IV collisions:
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Fig. 2.5. Probability density W, (s) for n—fold inelastic scattering as a function
of the travelled pathlength for 3 keV electrons traversing a Cu-target. Solid curves:
Slowing down regime Eq. (2.27); dotted curves: Poisson distribution Eq. (2.19)

N
1 1
N= Nl N+1kZ:O>\k (2.28)

Where Ry is the linear range after N collisions (cf. Egs. (2.5) and (2.7)) and
the quantity Ay is the total mean free path after k collisions. In Fig. 2.5, the
quasi—elastic approximation for the stochastic process for inelastic scattering
(Eq. (2.19), dotted curves) is compared with the result in the slowing down
regime (Eq. (2.27), solid curves) for 3 keV electrons travelling in a Cu speci-
men. For the first few scattering orders (n < 5) the two approaches coincide
approximately, when the number of inelastic processes increases (n > 10) the
quasi—elastic approximation fails to describe the collision statistics quantita-
tively.

Landau’s loss function is shown in Fig. 2.6. The left panel corresponds
to Landau’s original result that was derived in the quasi—elastic approxima-
tion. The thick solid line represents the relationship between the energy and
the pathlength for a constant IMFP and stopping power. The middle panel
represents the true slowing down case, by using Eq. (2.27) as the collision
number distribution in the loss function Eq. (2.26). The panel on the right
hand side displays the energy loss as a function of the pathlength modelled
by a direct simulation approach in which each individual scattering process
is explicitly simulated. Each energy-loss event taking place at a given energy
of a particle for a given pathlength s travelled in the solid is marked in this
figure by a dot. In other words, this “grayscale” representation of the slowing
down process corresponds to the distribution G(s,T') of energies lost after
a certain pathlength irrespective of the direction of the particle, or, yet in
other words, for pathlengths s measured along the trajectory. The thick solid
line in figure (b) and (c) represents the energy loss in the continuous slowing
down approximation (CSDA) that assumes a fixed relationship between the
travelled pathlength and the energy loss
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Fig. 2.6. Contour plot of Landau’s loss function Eq. (2.26) for 5 keV electrons
slowing down in Cu. The thick solid line represents the continuous slowing down
approximation (CSDA) that neglects energy fluctuations. The separation between
consecutive contours amounts to 2 x 10™%eV "' A~1. The value of the loss function at
the lowest (outermost) contour amounts to 2 x 10~%eV"'A~!. (a) Landau’s original
result in the quasi—elastic approximation obtained by using the Poisson distribution
Eq. (2.19) for the collision number distribution W, (s). The thick solid line repre-
sents the relationship between the mean energy and the travelled pathlength in the
quasi—elastic approximation; (b) Loss function generalized to the true slowing case
by using Eq. (2.27) for the collision number distribution; (¢) Visualisation of the
energy dissipation simulated with a Monte Carlo calculation (see text)

Ecspa(s)=Eo—s <CCZ> (2.29)

when Ej is the primary energy. The above expression makes it clear that the
CSDA completely ignores the fact that the energy loss is subject to fluctua-
tions, making it i.a. impossible to model the peak of elastically backscattered
electrons within the CSDA.

Having found the Green’s function, the outgoing spectrum is obtained as
a superposition of all trajectories travelling a given pathlength in the solid:

Y (B, p) = / / / G(s(), T, 1")So(z,E+ T', i/ )dz'dT'dQ"  (2.30)
0 0 4w

Here and below it is assumed that we are dealing with a case of plane symme-
try where the outgoing intensity is independent of the azimuth. Introducing
the partial intensities C,,, as the number of electrons that arrive in the detec-
tor after experiencing a certain number of inelastic collisions for the specific
boundary conditions, the observed spectrum can be written in the convenient
form:

Y(E,p) = Coi(m) T, (T)® fo(E+T) (2.31)

ni:0
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Fig. 2.7. (a) Partial escape distribution, or depth distribution function (DDF),
Ony (2,00) for Si 2pq /o photoelectrons excited by 300 eV x-rays for a geometrical
configuration shown in the inset. These data were simulated by means of a trajectory
reversal Monte Carlo model [50, 51]. (b) Same as (a), ¢n 4 (2, 6,), for Si-LVV Auger
electrons

where fo(F) is the energy distribution at the source and the symbol ® denotes
a convolution. The partial intensities, are found from the above as:

Cosi) = [ [ WalsNQUE N en() % an(@)i ', (232

Introducing the depth distribution functions ¢, (2, ) that describe the
probability for electrons generated at the depth 2’ to escape from the surface
in the polar emission direction p after experiencing n; inelastic collisions:

oui o) = [ [ Wo)Qss i anli)0(s = s Nas¥as, (239
0 4m
the partial intensities may be expressed as an integral over the depth:
Cos1) = [ n, (&' )en(')a (234)
0

The latter expression is particularly convenient in emission problems, relevant
for AES, XPS, APECS and the like. Note that the depth distribution functions
are defined as an average over the source angular distribution. Example of the
emission depth distribution functions (DDF), or partial escape distributions,
are given in Fig. 2.7 for Si 2p photoelectrons and Si-LVV Augerelectrons
excited by 300 eV photons. These results were calculated by an efficient reverse
trajectory Monte Carlo code [50] that benefits from the symmetry of the
Boltzmann equation in that each electron trajectory is generated in reverse
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and traced back to its point of origin in the solid. For small solid angles
of detection an efficiency enhancement of several orders of magnitude over
conventional calculations is obtained in this way.

It is clear from Fig. 2.7 that the partial escape distributions do not follow
a Poisson distribution, as predicted by the rectilinear motion model: first of
all, the escape distributions for n > 1 are finite for z = 0, which is due to the
fact that those electrons that are emitted at the very surface with an initial
direction pointing towards the interior of the solid have a finite probability to
be backscattered. Furthermore, the slope of the DDF is not constant with the
depth. It turns out that for small escape depths z < A4,/ ie, where pe = cos 6,
is the cosine of the emission angle, the slope of the DDF is given by A;/ i,
while for larger depths it becomes indepent of the emission angle and equal to
Ao as given by the upper stroke of Eq. (2.14). This is another example of the
influence of momentum relaxation on the electron transport: for pathlengths
beyond -, the electrons are multiple elastically scattered over large angles
and any connection between their initial direction and the emission direction
is lost.

In conclusion of this section, it is to be noted that the measured intensity
also depends on a number of experimental factors like the analyzer transmis-
sion function, the detector efficiency etc. However, for spectrum analysis, the
quantities of main importance are the reduced partial intensities 7y,

Y, (#) = Cﬂi (ﬂ)/om=0 (N)? (235)

i.e. the partial intensities divided by the area of the no—loss peak. In this case,
all experimental factors cancel out.

2.2.3 Spectrum Analysis Procedures

As stated in the introduction, the purpose of developing a theory for the
electronic transfer between the source and the detector is to gain information
on the source distribution as well as the interaction characteristics. To see
how this can be achieved, the spectrum Eq. (2.31) is written in Fourier space
in the following form:

y(Q) = i i i (), (R, ()@ T @ fo (2.36)

ni:O anO ’nSZO

Where a tilde (“7) is used to indicate a quantity in Fourier space. Here
Eq. (2.31) was generalized to take into account the different types of excita-
tions (surface, bulk and intrinsic). Note that here and below the symbol n; is
used to indicate the number of intrinsic inelastic collisions and should not be
confused with the number of inelastic excitations in the previous paragraph.
Furthermore, the important fact that the reduced partial intensities for the
different types of excitations are uncorrelated has been utilized [52-54]:
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Qg ngns (§2) = @, () X an, () X an, (€2) (2.37)

The partial intensities for volume scattering can be calculated by means of
linear transport theory, or, what is usually more convenient, by means of a
numerical procedure, e.g. a Monte Carlo simulation [50]. The partial intensities
for intrinsic and surface scattering approximately follow Poisson statistics [55—
57]. Note that the information on the source angular and depth distribution
is contained in the partial intensities.

The source angular distribution can be retrieved by inverse modelling of
the measured angular distribution. In the case of Auger electron emission the
source angular distribution is found to be isotropic, while in XPS it accurately
follows the theoretically expected dipole shape [58, 59].

Information on the depth distribution of the emitting sources for compo-
sitional depth profiling is usually also achieved by inverse modelling of either
the angular distribution [60], or the energy distribution of a given photoe-
mission or Augerelectron peak [61, 62]. Since these procedures both involve
inverse modelling it is generally difficult to assess the reliability of the results.

The remaining question then is how an experimental spectrum can be
analysed to get information on the quantities fo(E), w;(T), wp(T) and ws(T).
Information on the bulk and surface differential mean free path can be derived
from reflection electron energy loss spectra (REELS). In this case, the source
energy and angular distribution can be fully controlled in an experiment and
no intrinsic excitations occur. Assuming that the partial intensities for surface
and bulk scattering are known (e.g., by using a semiinfinite target) we are left
with two unknowns in Eq. (2.36), ws(T) and wy(T). Obviously, a single spec-
trum cannot give the unique shape of these two quantities since one equation
with two unknowns has no unique solution. Nonetheless it has been common
practice in the past twenty years to retrieve the differential mean free path
from a single REELS spectrum, but quantitative interpretation of the results
is cumbersome [63]. When two REELS spectra yy,1(T) and yr, 2(T) for which
the relative contributions of surface and bulk excitations is sufficiently differ-
ent, are measured, the pair of spectra can be deconvoluted to give the unique
solution for the normalized DIIMFP and DSEP, using the formula [64, 65]:

w(T) = akJYkJ(T)

M

2
> b Yeu(T = T'yw(T")dT’ (2.38)
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where the quantity Yy ;(T) is the (k,{)-th order cross convolution of the two
REELS spectra:

Yeu(T / Yy =1y dT! (2.39)
0
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and ygk) and yél) are the (k — 1) and (I — 1)-fold selfconvolution of the mea-
sured spectra. Since w(T = 0) = 0 the integration on the right hand side of
Eq. (2.38) can always be carried out over the energy loss range for which the
loss distribution is already known. In this way, the entire energy loss distribu-
tion is retrieved. The coefficients a; ; and by ; are functions of the bulk partial
intensities a,, [64] and are different for the surface and bulk single scatter-
ing loss distribution. The formula for retrieval of the DIIMFP and DSEP is
identical and given by Eq. (2.38).

For analysis of the source energy distribution fo(E), e.g., in a photoe-
mission spectrum, it is usually assumed that the bulk and surface differential
mean free path as well as the partial intensities for surface and bulk scattering
are known. Furthermore, for simplicity, the distribution of energy losses in an
intrinsic excitation is assumed to be equal to the bulk differential mean free
path. Then the remaining two unknowns are the average number of intrinsic
excitations (n;) in a single photoionization and the source energy distribution.
Consecutive deconvolution of the spectrum, eliminating the different types of
scattering one by one, can be achieved using the formula [11, 66]:

Yir1(E, Q) =Y (E, Q) — qrs1 /Yk(E + T, 011 (T)dT (2.40)

where [}y is the k—fold selfconvolution of the differential mean free path of
the considered type of inelastic scattering and the coefficients g are functions
of the reduced partial intensities v,, = C,,/Cr=o given in [66]. Applying this
procedure for £ = 1... K removes multiple scattered electrons up to the K—
th scattering order from the spectrum. Repeating the whole procedure for
all relevant types of scattering eventually gives the source energy distribution

fo(E).

2.3 Examples

2.3.1 Backscattering of Electrons from Solid Surfaces

Figure 2.8 displays results for 500 eV electrons reflected quasi—elastically from
a gold surface. In Fig. 2.8a, the angular distribution of the zero order partial
intensities, i.e., the elastically reflected electrons, is shown for normal incidence
and for a polar angle of acceptance of 4°. The dotted line is an analytic theory
for the elastic backscattering due to Oswald, Kasper and Gaukler (OKG) [67]
while open diamonds are the results of efficient trajectory reversal Monte
Carlo simulations [41]. Both approaches are based on Eq. (2.23). The filled
diamonds are results of conventional Monte Carlo calculations and the open
circles between emission angles of 35° and 75° are experimental results [68].
Good agreement is seen between the different approaches, except for the OKG
theory at normal emission. This is caused by some simplifying assumptions in
the OKG-theory [41]. The shape of the angular distribution is closely related
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Fig. 2.8. Spectra of 500-eV electrons elastically backscattered from a Au surface
for normal incidence. (a) Angular distribution of the peak intensity. Dashed line:
Oswald-Kasper—Gaukler theory [67]; Long dashed line: contribution of electrons that
experienced two or more elastic collisions; Open diamonds: results of trajectory re-
versal Monte Carlo calculations [41]; Filled diamonds: conventional Monte Carlo
Calculations; Open circles: Experimental results [68]; (b) Partial intensities for vol-
ume scattering for (off-normal) emission angles of 0°, 35° and 50°; (c) Experimental
reflection electron energy loss spectra for emission under 35° and 50°

to the shape of the (backward part) of the elastic scattering cross section. The
maxima and minima are a result of the interference of the incoming electron,
assumed as a plane wave, and the spherically symmetric outgoing wave. These
features are sometimes refered to as generalized Ramsauer—Townsend oscil-
lations since exactly the same phenomenon is responsible for the celebrated
Ramsauer—Townsend effect [69].

The higher order partial intensities for a few emission directions are shown
in Fig. 2.8b as a function of the bulk scattering order. The sequence of partial
intensities for 35° is seen to be qualitatively different from the other two
geometrical configurations. The explanation [57, 70] is that at 35°, about
two third of the electrons making up the elastic peak are scattered twice or
more, while for 50° about every second electron only experiences a single
elastic collision. This can be seen by comparing the long dashed curve in
Fig. 2.8a, that represents the higher elastic scattering orders, with the total
elastic intensity. The reason is obviously the presence of the sharp and deep
minimum in the cross section at ~27° and the maximum at ~45°: while
for 45° there is a rather large probability for receiving the net deflection
required to escape in a single elastic collision, multiple scattering is needed
at emission directions around ~27°. This implies that in the latter case the
pathlength travelled in the solid is larger and in consequence, the zero order
partial intensity will be decreased, while the higher order partial intensities
are enhanced.

The resulting spectra, shown in Fig. 2.8, clearly exhibit this behaviour
in the energy loss distribution. It should be kept in mind that this apparent
difference in the energy loss process is entirely caused by elastic scattering.
Apart from the direction dependence of the surface excitation probability, the
loss processes for the two geometries are identical. This is one example which
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clearly shows that the details of the energy dissipation are always governed
by the combined influence of elastic and inelastic scattering.

REELS spectra simulated with Eq. (2.36) (with a,, = 1 and w;(T) =
0(T)) are shown as solid curves in Fig. 2.9a for 1000 and 3000 eV. The corre-
sponding experimental data are shown as open circles and differ from the sim-
ulations in absolute magnitude and relative intensity of the surface (<10 eV)
and bulk loss features. Subjecting the experimental pair of spectra to the
procedure summarized in Eq. (2.38) leads to the DIIMFP (open circles) and
DSEP (filled circles) shown in Fig. 2.9b. The solid lines are obtained by fitting
these data to Eq. (2.3) and Eq. (2.8) using an extended Drude-Lorentz model
for the dielectric function to interpolate the data [35]:

A; w? — Wi 2
eilw,q) =e,— ) (w? —(wi(q)Q)Q(i)cj%?
B Aiyiw
e2(w,q) = Z (w2 — w;(q)?)? +w2'7¢2 )

9

)

(2.41)

where ¢, is the static dielectric constant, A; represents the oscillator strength,
v; the damping coefficient and w; is the energy of the i—th oscillator. A
quadratic dispersion w;(q) = w; + ¢?/2 was used for the transition described
by the i-th oscillator. Note that a dielectric function of the form Eq. (2.41)
implicitly satisfies the Kramers-Kronig dispersion relationships.

The resulting fit is quite good and in particular, the resulting curves for
the real and imaginary part of the dielectric function, that are shown as open
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Fig. 2.9. (a) Experimental (open circles) and simulated (solid curves) REELS-
spectra of Cu for 1000 and 3000 eV. (b) Normalized differential surface excitation
probability (DSEP, w,(T')) and normalized differential inverse inelastic mean free
path (DIIMFP, w,(T)) retrieved from the data in (a) by means of Eq. (2.38). The
solid line is obtained by simultaneously fitting these data to Egs. (2.3) and (2.8)
for a set of Drude-Lorentz fit—parameters for the dielectric function, as described
by Eq. (2.41). The resulting dielectric function is shown in Fig. 2.2a as open and
filled circles. The data for the surface excitation probability were scaled by a factor
of 0.33 in order to facilitate comparison
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and filled circles in Fig. 2.2 are seen to agree excellently with DFT-calculations
[30, 31], while significant differences with earlier optical data [29] are seen for
w < 30 eV. However, it is noted that the experimental error in the dielectric
data derived from REELS is quite large in this energy range, as indicated by
the error bars in Fig. 2.2.

The results in Fig. 2.2 show that dielectric data can be extracted over
a wide spectral range, from the visible to the soft x-ray regime, from two
very simple measurements. These data can be utilized to calculate the mean
free path, stopping power and related quantities for electrons, and various
types of (multiple) charged particles in this way providing important data for
quantitative spectrum interpretation in different fields of physics.

Surface excitations has been intensively studied in the recent past. A large
number of REELS spectra have been measured as a function of the incident
energy F, and the surface crossing direction 6 [71-73]. An empirical relation-
ship for the average number of surface excitations in an individual surface
crossing was derived from this data set [71]:

(n.(6, E)) ! (2.42)

et avEcosf+1 .
The value of the parameter a in this equation in units of the nearly free
electron value +/8ag/m2e2 = 0.17 eV~/2 can be estimated for an arbitrary

material as a

= 0.039h2, + 0.4,
ANFE

where h{2, = hy/4nNN,e?/m. is the generalized plasmon energy in eV and
N, is the number of valence electrons.

A means to measure the IMFP of electrons in solids, that has attracted
a lot of attention recently, is the use of elastic peak electron spectroscopy
[76]. In this technique, the absolute value of the elastic peak of backscattered
electrons, i.e. the zero order partial intensity, is related to the IMFP using the
formula:

Tejastic = Op,—0Qny—0 = exp(—(ns>)/Q(s) exp(—s/\;)ds (2.43)
0

where Poisson statistics is assumed to govern plural surface scattering and
Eq. (2.32) is used for the bulk partal intensities. For a given pathlength
distribution Q(s), that can be calculated with a Monte Carlo simulation, a
calibration curve relating the measured peak intensity to the IMFP can be
established. Since absolute measurements of the elastic peak are difficult, a
reference for which the IMFP is assumed to be known is often used. An ex-
ample of this procedure is shown in Fig. 2.10 for the IMFP in Si using Cu as
reference. Different values of the average number of surface excitations have
been used to correct the peak intensities for surface scattering, leading to sig-
nificantly different IMFP values. The theoretical correction factors published
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Fig. 2.10. Inelastic mean free path of Cu derived from Elastic Peak Electron Spec-
troscopy (EPES) measurements using Si as a reference material. Open circles: IMFP
values obtained without correction of the elastic peak intensities for surface excita-
tions; Plus-signs and filled circles: corrected for surface excitations using the values
of the surface excitation parameter of Ref. [74] and Ref. [71] respectively; solid curve:
IMFP values according to the TPP-2M predictive formula [75]

in Ref. [74] produce only a small correction, while the empirical surface excita-
tion parameters (ng) of Ref. [71] using Eq. (2.42) lead to reasonable agreement
with IMFP values predicted by the TPP-2M formula [75].

The examples presented above show that in the quasi—elastic regime, the
energy loss features in spectra of reflected electrons are governed by energy
fluctuations (in surface and volume mode) and that the elastic interaction in-
fluences the collision statistics. When the energy loss increases, the situation
changes significantly. This is illustrated in Fig. 2.11 that displays the energy
spectrum of 5 keV electrons reflected from Au, Ag Cu and Al surfaces. The
shape of the energy distribution is qualitatively different for the four studied
materials: while the intensity decreases monotonically with increasing energy
loss for Cu, Ag and Au, a maximum is observed for Al at around 4.3 keV.
The reason is that the elastic scattering cross section increases with increasing
atomic number, so for the light element, Al, the probability for a large net de-
flection reaches appreciable values only for a large pathlength. In consequence,
the pathlength distribution exhibits a maximum at a large pathlength, which
is seen as the maximum in the energy spectrum. In the quasi—elastic portion
of the spectrum, shown in Fig. 2.11b, on the other hand, the energy spectrum
is clearly dominated by energy fluctuations.

The theoretical approach to calculate the energy distribution [43] takes
into account energy fluctuations and the energy dependence of the mean free
paths, making the results much more realistic than the continuous slowing
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Fig. 2.11. Differential backscattering coefficient of 5 keV electrons reflected from
Au, Ag, Cu and Al. Dotted curves: Monte Carlo calculations in the slowing down
regime using Eq. (2.27) [43]; Solid curves: Experimental results by Goto et al. [77].
(a) Total slowing down energy range where momentum relaxation dominates the
energy distribution. In this representation the differences between theory and ex-
periment are hardly discernable. (b) Expanded view of the quasi-elastic energy
range governed by energy fluctuations

down approximation where energy fluctuations are alltogether neglected (see
Fig. 2.6). This is conveniently achieved merely by using Eq. (2.27) for the
collision number distribution in the loss function.

2.3.2 Auger and Photoelectron Emission

The contributions of the various types of inelastic processes to an (unmo-
mochromated) photoemission spectrum are illustrated in Fig. 2.12a and b for
Si and SiO,. The upper panel shows the raw data. In the case of Si, distinct
plasmon losses can be distinguished ~15 eV below the Si2s and 2p peaks,

(a) (b) (c)
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Fig. 2.12. Mg Ka excited Si 2s and 2p photoelectron spectra of (a) Si and SiOs.
The upper panel shows the raw data, subsequent panels show the spectra subjected
to Eq. (2.40), consecutively eliminating features cuased by bulk scattering, the Mg
Kas 4 and KB ghost x-ray lines, surface and intrinsic plasmons. The bottom panel
represents the lineshape at the source fo(E). (¢) Fit of the resulting source spectra
to a Gaussian profile for SiO2 and a Doniach-Sunjic lineshape for Si
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while the inelastic background for SiOs is smoother exhibiting the charac-
teristic loss peak seen in Fig. 2.3b. Furthermore, x-ray ghost line replicas of
the peaks, excited by the Mg Kas 4 and K3 ghost x-ray lines, are visible at
~10 eV higher kinetic energy. The subsequent panels demonstrate applica-
tion of Eq. (2.40) to the spectrum, thereby exposing the contribution from
the different inelastic processes. The spectrum labelled “surface” represents
the spectrum from which volume and surface excitations, as well as the ghost
replicas have been eliminated. In the case of Si, the resulting spectrum shows
weak loss peaks at the energy of the volume plasmons. These are attributed
to the creation of intrinsic plasmons. The spectra of the bottom panel in (a)
and (b) are shown in (c) together with a fit of the true spectra at the source
to the theoretically expected line shapes.

In the case of insulators, where electrostatic screening is not very effec-
tive, electron—phonon coupling gives rise to a Gaussian broadening of the
lineshape. In the sudden approximation, when the electronic transition pro-
ceeds sufficiently rapidly, the ground state zero point and thermal fluctuations
are vertically projected onto the final (ionized) state in accordance with the
Frank—Condon principle. The distribution of vibrational states follows a Pois-
son distribution which becomes Gaussian if the number of phonons is large
enough [78].

In the case of metals or semiconductors with a sufficiently high density
of states near the Fermi level, a possible response of the solid to the sudden
appearance of the core-hole, in addition to the creation of intrinsic plasmons,
is the creation of electron—hole pairs. The energy distribution of this process
exhibits a 1/w-singularity [79]. Taking into account lifetime broadening by
convoluting the 1/w singularity with a Lorentzian, one obtains the Doniach—
Sunjic lineshape for the source energy distribution fjy(w) [80]:

cos[3ma + (1 — a) arctan(w/v)]
w2 + 2] 1-)/2

fo(w) o (2.44)

Here « is the singularity index, that describes the asymmetry of the peak
corresponding to the strength of the screening and = is the lifetime broadening.

The solid curves in Fig. 2.12 represent the best fit to a Gaussian (the oxide
data) accounting for the vibrational excitation of SiOg at room temperature
and a Doniach-Sunjic lineshape (elemental data, see Equation (2.44)) account-
ing for the electron—hole pair creation in the course of the screening process.
The singularity index « retrieved by the fitting procedure, provides valuable
information on the screening of the core-hole [4]. Thus, elimination of multi-
ple scattering can be used to expose the many body effects in photoemission
spectra.

So far, the examples focussed on the aspect of the energy fluctuations dur-
ing the transport using model calculations for the collision statistics (repre-
sented by the partial intensities). Although the examples indicate that the
collision statistics are accurately understood (see e.g. Fig. 2.10), it seems
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worthwhile to present examples where the collision statistics have been exper-
imentally investigated. Such a case is displayed in the Auger photoelectron
coincidence spectra (APECS) shown Fig. 2.13. In APECS, pairs of Auger and
photoelectrons emitted from the same atom are measured. Experimentally,
this can be achieved in several different ways [81-83]. The partial intensities
for the Auger-photoelectron pair are given by the product of the respective
depth distribution functions ¢y, , (z) and ¢, (z), integrated over the depth:

Cruvmx = / b (2)6n 0 (2)d2 (2.45)
0

An example of the reduced APECS partial intensities Vi, ny = Cnanx/
Chna=0nx=0 for Si2s photoelectrons and Si-LVV Augerelectrons excited by
300 eV photons is shown in Fig. 2.13b. The corresponding depth distribution
functions are those shown in Fig. 2.7. The non-coincident (singles) Si2p par-
tial intenities are shown for comparison as the dashed curve. The higher order
Si2p partial intensities, measured in coincidence with the Auger peak (curve
labelled n4 = 0) are significantly reduced compared to the singles intensities.
The reason is that the Auger electrons (with n4 = 0) originate from shallow
depths (see Fig. 2.7) and, since the photoelectrons are created at the same
atom, they travel, on average, a shorter pathlength than the photoelectrons in
the singles spectrum that originate from a much larger depth range. In other
words, by measuring the photoelectrons in coincidence with Augerelectrons
that have lost a certain fraction of their energy, one can select the depth range
from which the detected coincident photoelectrons originate. Choosing ng4 = 1
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Fig. 2.13. (a) Experimental Si-LVV singles spectrum [51] (dash-dotted line); The
same spectrum subjected to Eq. (2.40) is represented by open circles. (b) Re-
duced double differential partial intensities for bulk inelastic scattering vny,n, =
Crx,na/Cnx=0n4=0 calculated from the curves in Fig. 2.7a and b using Eq. (2.45).
The dashed curve represents the Si 2p singles partial intensities for bulk scattering.
(c) Si 2p spectrum measured in coincidence with the background in the Si-LVV spec-
trum (open circles, see arrows marked “background” in (a), as well as with the peak
of the Si-LVV Auger line (open triangles, arrow marked “peak” in (a). The filled
circles are the corresponding singles intensities. The solid and dotted lines repre-
sent results of model calculations with the SESSA-Software (Simulation of Electron
Spectra for Surface Analysis) [51] (see text). The data were normalized at the peak
maximum. The inset shows an expanded view of the BG and PK spectra



66 W.S.M. Werner

consequently leads to an increase of the reduced partial intensities compared
to the case ny = 0, as shown by the corresponding curve in Figs. 2.13b and
2.13a shows the measured singles Si2p peak as chain dashed curve [84]. Elimi-
nation of the inelastic background due to surface and volume scattering using
Eq. (2.40) results in the spectrum represented by the open circles. The solid
curve is a fit of this spectrum to a linear combination of three Gaussians,
indicated by the long-dashed and dotted curves, that compare well with the
assignment of Pernaselci and Cini as the convolution of the p-p and s-p partial
density of states of Si [85]. The filled circles (and dotted curve) in Fig. 2.13¢
represents the singles Si 2p spectrum, the triangles are the spectrum in coinci-
dence with the peak in the Auger spectrum (see the arrow labelled “peak” in
Fig. 2.13a). The bulk plasmon loss feature in this spectrum is significantly re-
duced compared to the plasmon in the singles spectrum. When the Si2p peak
is measured in coincidence with the first loss in the SiLVV peak (see arrow
labelled “background” in Fig. 2.13b), the plasmon loss in the Si2p peak (open
circles in Fig. 2.13c) increases compared to the Si2p measured in coincidence
with the Auger no-loss peak. These observations are in perfect agreement
with the expected collision statistics shown in Fig. 2.13b.

The observed change of the plasmon intensity is thus a signature of the
different depths sampled in the two coincidence spectra. An assessment shows
that the electrons in the Si2p spectrum in coincidence with the Auger peak
originate from an average depth of about 2.0 + 2.1A while the average emis-
sion depth of the spectrum measured in coincidence with the background
amounts to about 4.7 + 4.9A. The singles spectrum, on the other hand, con-
sists of electrons emitted from an average depth of 6.1+6.5A. Here the quoted
uncertainties represent the fluctuations in the emission depth (see Fig. 2.7).
Furthermore, these results provide direct experimental proof of the existence
of extrinsic plasmons supporting the three step model for photoemission. How-
ever, the results also demonstrate the limited validity of the three step model
in photoemission: It can be seen in Fig. 2.13c that the linewidth of the coinci-
dence spectra is slightly smaller than for the singles spectrum. In early work
on APECS, it was already anticipated that coincidence measurements would
reduce the core-hole lifetime broadening and modify other contributions to
line broadening. Indeed, line narrowing in photoemission spectra by APECS
has been observed by several groups [86, 87] and is a clear indication for the
one-step character of the Auger and photoelectron emission process [88].

The influence of surface excitations on the angular distribution of the zero
order collision statistics is illustrated in Fig. 2.14, that shows the angular dis-
tribution of the Cu LMM and MVV Auger peaks emitted from a homogeneous
Cu sample. Figure 2.14a shows the experimental configuration, employing a
slanted sample holder, that is devised to separately study the excitation and
emission part of the three step model in electron spectroscopy: When (I.) the
azimuthal rotation axis points towards the electron gun, the emission angu-
lar distribution is obtained for a fixed angle of incidence by varying ¢s. On
the other hand, when (IL.) the azimuthal rotation axis is adjusted parallel to
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Fig. 2.14. (a) Schematic illustration of the experimental configuration to measure
the emission angular distribution at fixed incidence. (b) Angular distribution of the
Auger peak intensity for the Cu LMM (920 eV) and NVV (60 eV) transition for
a primary energy of 3, 5 and 10 kV. Data points: experimental peak heights; Solid
lines: fit of the data to Eq. (2.42); dashed lines: cosine distribution. (c) Survey of
the results for the surface excitation parameter derived from Auger electron angular
distributions for Al, Si and Cu (data points) and comparison with earlier results
derived from REELS spectra [71] (solid, dashed and dotted lines). The grey area
indicates the energy region where the earlier REELS measurements were performed

the analyzer axis, the emission angle is constant and varying ¢, one obtains
the incident angular distribution. In case (I.), all the processes playing a role
in the excitation of the Auger electrons are the same for any value of ¢,. In
consequence, any feature in the angular distribution is completely attribut-
able to the escape process. Conversely, for case (I1.), the angular distribution
is entirely governed by the processes playing a role in the Auger electron
excitation.

The emission angular distribution of the Auger peak intensities for a semi-
infinite Cu sample are shown in Fig. 2.14b. The dashed line represents the
cosine distribution. The distribution of the low energy Auger Cu MVV peak
at ~60 eV is seen to deviate significantly from a cosine function. For the
higher energy Auger transition a similar effect is seen, but it is much weaker.
Similar results were obtained for Al and Si [89]. Since for a homogeneous
sample the observed angular distribution cannot be explained by the effects
of surface roughness or refraction by the inner potential [89], this is attributed
to the influence of surface excitations. The solid line that represents a fit of
these data to Eq. (2.42) is seen to describe this behaviour well. The resulting
surface excitation parameter is shown in Fig. 2.14c as data points and com-
pared with the empirical formula Eq. (2.42), based on measurements at higher
kinetic energies (indicated by the grey area in Fig. 2.14c). This result shows
that the range of validity of Eq. (2.42) extends down to rather low energies of
~50 eV.
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2.3.3 Secondary Electron Emission

The examples in the previous two paragraphs demonstrate that electron re-
flection and emission phenomena at medium energies are generally under-
stood quantitatively. Unfortunately, this is not the case for the emission of
secondary electrons, i.e. emission of slow electrons induced by electron bom-
bardment. Several factors complicate quantitative interpretation of secondary
electron spectra. First of all, the definition of the term “secondary electron”
is problematic in itself, since there is no experimental means of distinguishing
a true secondary electron from a backscattered primary electron and model
calculations indicate that the true secondary electron energy distribtution has
a broad tail reaching up to energies just below the primary energy. In prac-
tice, however, only those electrons that are emitted from the sample with an
energy of less than ~50 eV are by convention designated as secondary elec-
trons. Furthermore, experimental values for the secondary electron yield, i.e.
the number of secondaries emitted per incident primary, exhibits significant
scatter [90, 91]. Differences of up to 50% for any material and energy be-
ing the rule rather than the exception. Finally, the theory for the emission
of secondary electrons is much more involved than for quasi—elastic electron
reflection and emission discussed above.

Most theories for seondary electron emission are based on the three step
model [92-97]. For the generation of secondaries one needs to consider the dif-
ferent mechanisms by which the primary electron can transfer energy needed
to promote a secondary electron originally in the sea of loosely bound solid
state electrons over the surface barrier. These mechanisms comprise single par-
ticle excitation by electron—electron scattering, ionization of core levels and
decay of surface and bulk plasmons. For a detailed understanding of these ex-
citation mechanisms, the band structure of the solid under consideration plays
an important role. Furthermore, a primary electron can produce more than
one secondary and these can in turn, provided they are sufficiently energetic,
excite additional electrons of higher order in a cascade process.

As for the transport of the secondaries, the situation is more complicated
than for quasi—elastic electron emission for several reasons. First of all, the
interaction characteristics depend strongly on the actual energy of the elec-
tron. This not only holds for the total mean free paths (see Fig. 2.4), but
also for the (normalized) differential mean free paths for elastic and inelastic
scattering when the primary energy is smaller than 50 eV. As can be seen in
Fig. 2.3a and b the shape of the differential mean free path for small energies
losses is similar for primary energies above 200 eV, but for smaller energies
it changes significantly, and for energies below 50 eV it changes dramatically.
Note also that at such low energies, exchange and correlation effects need to
be included in the calculation of the inelastic interaction characteristics, while
for medium energies 2200 eV such effects are expected to be negligible.

For the elastic interaction the question of the potential to use in a partial
wave analysis becomes more important at lower energies where differences
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between atomic potentials [12, 98, 99] and those applicable to the solid state,
such as the muffin—tin potential [100] are larger than for medium energies.
The main difference lies in the weakly bound electrons, corresponding classi-
cally to large impact parameters and quantum mechanically corresponding to
high angular momentum. This main differences in the resulting elastic scat-
tering cross sections concern small scattering angles. Therefore, the elastic
mean free path in a sloid is significantly different from the gas phase (to
which atomic potentials apply), while the transport mean free path, which
emphasizes large scattering angles (see Eq. (2.2)), is practically unaffected by
the scattering potential. Since the scattering parameter substantially exceeds
unity in the relevant energy range (see Fig. 2.4), the transport in this energy
regime is determined by momentum relaxation, allowing one to apply the so-
called transport approximation [11, 38, 46], where the scattering cross section
is replaced by the isotropic transport cross section and the transport mean
free path replaces the elastic mean free path. In this case, the details of the in-
teraction potential are of less importance. On the other hand, the assumption
that appreciable deflections occur only during elastic collisions breaks down
in the low energy range. Since the momentum relaxation is strong, this can
be corrected for by replacing the usual (elastic) transport mean free path A,
by the total transport mean free path A ;:

L1 1
>\tr,t )\tr )\tr,i

where A ; is the transport mean free path for inelastic scattering.
Summarizing the above statements on the electron transport in the low
energy regime, it can be concluded that by virtue of the strong momentum re-
laxation, the secondary electron spectrum is a superposition of many different
scattering orders for a complicated excitation function that is smeared out in
the emitted energy distribution, making it very difficult to study the details of
the excitation and inelastic scattering characteristics experimentally. This fact
severely complicates a detailed comparison between theory and experiment.
A final essential aspect of secondary electron emission within the three step
model is the escape over the surface barrier. The periodicity of the crystal po-
tential is abruptly terminated at the surface giving rise to a surface barrier
with a height of typically 10-20 eV, being of the order of, or larger than the
energy of a secondary electron. The surface barrier is commonly taken to be
the energetic distance from the bottom of the conduction band to the vacuum
level, being equal to the electron affinity in the case of insulators, and be-
ing equal to the work function in the case of metals. During the passing of
the surface barrier the energy component parallel to the surface is conserved,
while the perpendicular component is reduced by the height of the barrier.
Depending on the direction of surface crossing, the outgoing particle is either
refracted at the surface or is reflected at the barrier. Thus, only a fraction
of the internal angular distribution (within the so—called “escape—cone” de-
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Fig. 2.15. Secondary electron spectrum of Al (in reciprocal Rydbergs) for a pri-
mary energy of 1 keV exhibiting contributions of different excitation mechanisms
(after Ref. [101]). (1) excitation of core levels; (2) electron—electron scattering (sin-
gle particle excitation); (3) decay of plasmons; The curve labelled (4) is the sum
of these contributions. (b) comparison of different theoretical results for the shape
of the secondary electron spectrum of Al, induced by 1 keV electrons [92-95] with
experimental results [102, 103], normalized at the maximum of the peak

termined by the ratio of the energy and the barrier height) is transmitted
through the barrier.

Experimental data on secondary electron emission scatter significantly
from experiment to experiment (see [90, 91] for a review). One of the rea-
sons for these disrepancies is that the surfaces for which values are quoted in
the literature are not always measured under well-defined conditions. For ex-
ample, a contaminated surface may have a significantly different barrier than
its clean counterpart. This can lead to a dramatic change in the magntude of
the escape cone and the probability for transmission over the barrier. Further-
more, the crystalline state of the surface influences the emitted spectrum not
only because the surface barrier is different for different crystal orientations,
but also since the states available for energy transfers from the primary elec-
tron to the electronic subsystem of the solid vary with orientation. Even on
perfectly well defined surfaces, a measurement of the spectrum of low energy
electrons is intrinsically difficult due to the presence of magnetic fields.

In Fig. 2.15a, the secondary electron energy spectrum for 2 keV incident
electrons on an Al surface according to the detailed theory of Rosler and
Brauer [101] is shown along with the contributions originating from the dif-
ferent excitation mechanisms: core level ionization (curve labelled 1), single
particle excitations as a result of electron —electron scattering (curve labelled
2) and bulk plasmon decay (curve labelled 3). The curve labelled (4) is the
sum of individual contributions. For Al, the main mechanism is the decay of
plasmons that leads to the shoulder at about 10 eV, corresponding to the
plasmon energy of Al of about 15 eV, reduced by the height of the surface
barrier. Surface plasmon excitation is disregarded in this theory.
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Fig. 2.16. Number of secondary electrons, i.e., the secondary electron yield ¢, versus
the primary energy for Al. The data points indicate experimental values taken from
the sources indicated (Refs. [104-116]), the solid curve is the “universal” yield curve
Eq. (2.46) using E™ = 0.4 eV and 6™ = 2.05

A comparison of experimental results [102, 103] with different theoretical
calculations [92-95] following the outline above is presented in Fig. 2.15b for
the secondary electron spectrum of Al for a primary energy of 1 keV. These
curves were normalized to unity at the peak position. Except for the semi-
empirical approach of Schou, all considered theories predicts the appearance
of a plasmon shoulder at around 10 eV, that is also seen in the experimental
curves. The width and positions of the rising and falling edges of the spec-
trum are different for different theories. Note that the shoulder at ~5 eV,
that approximately corresponds to the energy needed to excite a surface plas-
mon (reduced by the barrier height) is not reproduced by theory, although
Kuhr and Fitting [95] explicitly consider decay of surface plasmons in their
calculations.

The number of secondary electrons per incident primary, the secondary
electron yield 4, is presented as a function of the energy in Fig. 2.16. The data
points, that represent a collection of experimental data compiled in Ref. [90,
91], display substantial discrepancies, exceeding a factor of 2. The shapes of
the measured yield curves is similar in most cases, however, and turns out to
be very similar for any arbitrary material [91]. Several authors have noticed
this similarity [91, 117-122] and developed empirical universal expressions for
the secondary yield that gives a convenient description of the phenomenon of
secondary electron emission. The form given by Lin and Joy [90] reads:

5(E) = 1.285™ (;) - [l — exp{—1.614 (EE) _1'67)}] (2.46)

m m



72 W.S.M. Werner

Where the maximum yield §,,, and the position of the maximum F,, represent
material dependent parameters. The merit of universal curves such as the one
expressed in Eq. (2.46) lies in the fact that they can be used to characterize
an experimental data set by a small number of parameters (2 parameters in
the case of Eq. (2.46)). This greatly facilitates the finding and correcting of
errors in individual data sets and allows one to identify trends in the depen-
dence on target material etc. It is to hoped that in this way the discrepancy
between theory and experiment can eventually be reduced to a tolerable level
allowing to test the available theories and to deepen the understanding of the
phenomenon.

2.4 Concluding Remarks

Phenomena involved in quasi—elastic electron emission and reflection have
been reviewed and put into perspective with the emission of slow secondary
electrons. While electron transport in the medium energy range turns out to be
quantitatively understood, quantitative interpretation of secondary electron
spectra is difficult since in such spectra many different processes are super-
imposed and the relevant source functions are obscured by intensive multiple
scattering.

In the quasi—elastic case, reflection electron energy loss spectra can be
used to study all relevant aspects of the signal electron transport: the angular
distribution of the elastic peak can be used to study the shape of the elas-
tic scattering cross section, while the energy loss portion of electron reflection
spectra can be used to derive the dielectric function from which characteristics
of the inelastic interaction of a particle with an arbitrary solid can be derived,
not only for electrons but also for ions, photons and other particles. Indeed,
such experiments have been used extensively in the past decades to unravel
the different processes playing a role in electron emission in the medium en-
ergy range. Furthermore, it was shown that coincidence spectroscopy can be
utilized to gain valuable information on the electron emission mechanism. In
the case of the presented example this concerned the collision statistics in the
emission of characteristic photoelectrons.

At low energies comparable to the energy of true secondaries, electron
reflection measurements are very challenging experimentally. Furthermore,
interpretation of reflection electron spectra is much more difficult at very
low energies since the secondary electron spectrum and the loss features of
the primaries overlap. In time resolved electron spectroscopy experiments,
the resolution that can nowadays be achieved in practice is around several
hundred picoseconds, which is clearly not good enough to completely resolve
the secondary electron cascade, considering the fact that a 1 eV electron has a
speed of about GA/ fs. Nonetheless, coincidence experiments have a potential
for the investigation of the phenomenon of secondary electron emission with a
greater level of discrimination. For example, measuring the secondary electron
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spectrum in coincidence with the loss features of a reflection spectrum should
be feasible with state of the art experimental apparatus nowadays and could
be used to expose —at least with a greater level of discrimination than with
noncoincident measurements— the different excitation mechanism contributing
to the peak of secondary electrons. Moreover, by selecting events in which
more than one secondary electron is emitted as a result of a single impact of
a projectile (be it an ion, an electron or an arbitrary other particle), valuable
information on the collision cascade and the secondary electron cascade can
be gained. Such experiments are presently being developed in the group of
the author and it is hoped that in this way, with increasing time resolution
of such experiments, essential aspects of the thermalization of slow electrons
will become accesible to experiment in the near future.
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Potential Electron Emission from Metal
and Insulator Surfaces

Friedrich Aumayr and Hannspeter Winter

3.1 Potential Electron Emission — Basic Mechanisms

Impact of slow ions (impact velocity < 1 a.u. = 25 keV /amu) on solid surfaces
is of genuine interest in plasma- and surface physics, and related applications.
Nature and intensity of the resulting inelastic processes depend both on the
kinetic and the potential (= internal) ion energy carried toward the surface.
For most practical applications the kinetic projectile energy is of foremost rel-
evance as, e.g., in ion-induced kinetic electron emission (KE [1-4]), ion-surface
scattering and kinetic sputtering [5, 6]. However, ion-induced processes can
also depend on the internal (potential) energy of the projectile, especially if
the latter exceeds the kinetic projectile energy, resulting in additional elec-
tron emission or sputtering (potential electron emission PE [4, 7-10], potential
sputtering [11-13]. Considerable potential energy will be stored in a multiply
charged ion (MCI) Z9" during its production where g electrons are removed
from an originally neutral atom. The same potential energy will become again
available if the MCI encounters a solid surface.

PE due to impact of slow singly, doubly and multiply charged ions on
atomically clean metal surfaces has been thoroughly studied by Hagstrum [7,
8, 14, 15] who measured the yields and energy distributions of ion-induced
slow electrons. From these studies he concluded that PE arises from relatively
fast electronic transitions (rates > 10'* s=!) from the surface into empty
projectile states, which require no minimum impact velocity and already start
before the ion has entered the surface selvedge. PE yields increase strongly
with the projectile’s potential energy, i.e. their charge state. At higher impact
velocity also kinetic electron emission (KE [1-4]) will produce slow electrons
(see also Sect. 3.2 in the contribution of C. Lemell and J. Burgdorfer and
the contribution by Helmut Winter et al. to this book), the fraction of which
cannot simply be distinguished from the one due to PE. Based on theoretical
studies on “radiationless” electronic transitions between a metal surface and a
slow ion or excited atom by Massey [16-20], Hagstrum identified four types of
one- and two-electron transitions (a—d) as being relevant for PE (see Fig. 3.1).

F. Aumayr and H. Winter: Potential Electron Emission from Metal and Insulator Surfaces,
STMP 225, 79-112 (2007)
DOI 10.1007/3-540-70789-1_3 © Springer-Verlag Berlin Heidelberg 2007
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Fig. 3.1 a,b. Electron energy level diagrams showing resonant electronic transitions

(a)

and the Auger neutralisation process (b) for ions in front of a metal surface (R:

particle-surface distance). The shaded region indicates the occupied part of the con-
duction band (Wy: work function, Er: Fermi energy) c, d: Electron energy diagrams
showing Auger de-excitation (c) and autoionization processes (d) for projectiles in
front of a metal surface. With decreasing distance to the surface the levels are shifted
due to image charge effects

(a)

Resonant neutralisation (RN, Fig. 3.1a) transfers an electron from the
surface into unoccupied states of the approaching ion which overlap filled
surface valence band states. RN itself does not give rise to electron emis-
sion but acts as a precursor for subsequent electron emitting transitions
(see below). Arifov et al. [21] noted that for MCI impact a sequence of RN
processes can take place, which generates a short-lived multiply-excited
particle, later termed “hollow atom” [22].

Resonant ionization (RI, Fig. 3.1a) is inverse to RN and transfers an elec-
tron from the projectile into an empty surface state with binding energy
less than the surface work function Wy.

Auger neutralisation (AN, Fig. 3.1b; sometimes named Auger capture)
can cause electron ejection from the surface valence band if the available
potential energy exceeds twice the surface work function Wy. One surface
electron is captured by the ion and another one ejected with a kinetic
energy E, < W/ —2W,.
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The respective electron energy distribution reflects a self-convolution of

the surface-electronic-density-of-states (S-DOS).
Auger de-excitation (AD, Fig. 3.1¢) of the projectile takes place if the lat-
ter, after an RN- or AN transition, carries an excitation energy still larger
than Wy. The excited projectile electron interacts with a surface electron
such that the latter becomes ejected and the former demoted, or another
surface electron is captured into the projectile and the initially excited
electron ejected. In contrast to AN, energy distributions of electrons from
AD are directly reflecting the S-DOS.

Hagstrum [7, 8, 15] regarded electronic transitions (a-d) in an adia-
batic model (no coupling between electronic and nuclear motion) in order
to derive the total slow electron yield. The respective transition rates
increase exponentially with decreasing ion-surface distance according to
the overlap between the S-DOS and the projectile-based electronic wave
functions. Consequently, these transitions start most probably from the
Fermi edge of the S-DOS. By assuming these transition probabilities as
independent on the ion impact velocity, neutralisation of a singly charged
ion is found to take place most probably at distances of a few Angstroms,
whereas neutralisation of a MCI, depending on its charge state q, can
already start at a comparably much larger distance (cf. below).

By generalizing this scheme, Arifov et al. [21] proposed that a MCI
can (resonantly) capture a number of electrons from the surface within a
rather short time, which leads to
Autoionisation (Al Fig. 3.1d) of the thereby produced multiply-excited
particle (see Fig. 3.1d). Al is the intra-projectile AD of transiently formed
doubly or multiply excited particles, where one or more electrons are
ejected into vacuum, with other electron(s) in the projectile becoming de-
moted to lower states. Projectile Al was first found as Auger de-excitation
of doubly-excited projectiles following the impact of He?™ or metastable
He™ [23]. The energy distributions of slow electrons resulting from Al are
therefore not directly reflecting the target S-DOS.

Quasi-resonant neutralisation (QRN, Fig. 3.1a) is a near-resonant elec-
tron transition between target- and projectile core states which can only
take place in close collisions where sufficient overlap of inner electronic
orbitals will be achieved. Such QRN is of interest in the later stage of the
interaction of MCI with a surface and within the bulk.

Radiative de-excitation (RD) of excited projectile states after RN or AN
of singly charged ions is much less probable than Auger de-excitation,
since the respective transition rates will be about six orders of magnitude
smaller than for Auger transitions. However, since radiative transition
rates increase with about the fourth power of the projectile core charge
[24], whereas Auger transition rates are not strongly affected by electron-
core interaction, the latest steps of deexcitation of MCI projectiles which
involve recombination of inner-shell vacancies may also give rise to soft
X-ray emission (see below).
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During the last two decades novel powerful MCI sources and easily accessi-
ble ultrahigh vacuum equipment have remarkably improved the conditions for
studying such MClI-surface interaction processes also for higher primary ion
charge states. For example, impact of a slow Th8t ion on a clean gold surface
can produce the tremendous amount of more than 300 electrons [25, 26] (cf.
Sect. 3.1). Slow electron emission has been investigated in conjunction with
other experimental signatures as the outgoing trajectories, final charge states
and kinetic energy loss of MCI scattered on flat single-crystalline target sur-
faces, and with emission of projectile-characteristic fast Auger electrons and
soft X-rays (for a general review see Arnau et al. [9]). The thereby collected
expertise has formed our present understanding of MCI — surface interaction,
which is characterized by the sketch shown in Fig. 3.2.

image charge “hollow atom” potential energy
acceleration formation & decay deposition

°
ov
surface
resonant electron desorption
&i neutralisation emission  + sputtering

Fig. 3.2. Hollow atom formation and -decay during slow MCI impact on a metal
surface [27]

The neutralisation of the MCI starts with the formation of a transient
multiple-excited projectile which carries empty inner shells and has thus been
called “Hollow Atom” (HA). This name was introduced by Briand et al. [22]
in order to explain the appearance of projectile-characteristic soft X-ray emis-
sion from impact of fast MCI on gas-covered metals. We now know that such
X-rays arise primarily in the late stage of HA decay in the target bulk, whereas
slow electrons can already be emitted before the HA-turned MCI has touched
the surface [9]. Upon its impact the MCI reclaims its missing electrons from
the surface in order to become neutral, which leads to the emission of many
slow electrons via Al and gives rise to strong electronic excitation at the
surface where the potential energy is deposited during a short time (typically
less than hundred femtoseconds) within a small area (typically one nanometer
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squared). The above surface stages can be well described by the so-called “clas-
sical over-the-barrier model” [28] (for details see the contribution to this book
by C. Lemell and J. Burgdorfer, Sect. 3.4). As soon as the HA approaches
the surface more closely, it will become screened by the metal electron gas
which further accelerates its deexcitation. Eventually, inside the solid the so
far remaining inner shell vacancies of strongly screened HA will be filled,
which causes emission of projectile-characteristic fast Auger electrons and/or
soft X-rays (see above), depending on the respective fluorescence yield. The
just mentioned projectile recombination- and relaxation processes cannot be
precisely separated from each other, since fast Auger electron emission may
already occur before the close surface contact, and slow electron emission also
after penetration of the surface. Anyhow, the slow electrons provide informa-
tion on the situation of HA above and at the target surface, and fast Auger
electron- and/or soft X-ray spectra on the HA development mainly below the
surface [9)].

For ions with a kinetic energy well above the respective KE threshold
[1], the total electron yield results from both PE and KE, with the relative
importance of both processes being difficult to assess. A detailed description
of KE with its underlying mechanisms can be found in the contributions
of J. Burgdorfer and C. Lemell as well as the contribution by H. Winter
to this book. In our review KE will only be treated as far as it is a non-
negligible competitor for PE and has to be separated from the latter. A clear-
cut separation of PE and KE, however, is only possible under certain well-
defined circumstances:

(a) for projectile ions with kinetic energies well below the KE threshold (ex-
clusive PE)

(b) for slow HCI in very high charge states where the potential energy greatly
exceeds the ions kinetic energy (dominant PE)

(c) for projectiles of any velocity in their neutral ground state (exclusive KE).

In Sects. 3.2 and 4.2 we demonstrate that the coincident measurement of
electron emission and projectile energy loss can help to separate PE and KE
also in situations where neither contribution is negligible.

Sometimes kinetic and potential effects are almost indistinguishable. E.g.,
recently a further kind of electron emission process has been observed for
singly charged ion impact on MgO. It is interpreted either (3.1) as creation of
a hole in the valence band by resonant electron capture, followed by an Auger
transition (i.e. a PE effect) [29], or (2) as the production of a surface exciton
via electron promotion in projectile collisions with O~ target-ions (a kinetic
process) followed by exciton autoionization (an Auger-type effect) [30] (see
also the contribution of P. Zeijlmans van Emmichoven to this book).

Impact of fast heavy particles on metal surfaces can give rise to plasmon
excitation [31]. It has been found that such plasmons can also be excited by
slow ions [32, 33] via their potential energy (“potential excitation of plas-
mons”). Clear signature for excitation of such plasmons is their subsequent
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one-electron decay which manifests itself as a characteristic feature in the
electron energy distribution [31-34]. Slow-ion induced plasmons are thus PE-
related phenomena (see our Sect. 3.3 and the much more detailed treatment
by R. Baragiola and C. Monreal in this book).

3.2 Experimental Methods

In this chapter we will shortly outline the experimental techniques, which
are nowadays available to study ion-induced electron emission. We describe
methods for the production of MCI, the preparation of surfaces, the detec-
tion, number counting and energy-analysis of ion-induced slow electrons, and
present some more sophisticated coincidence techniques, in particular to sep-
arate PE from KE in grazing incidence experiments.

3.2.1 Production of Slow Multiply Charged Ion Beams

The production of ions, their selection with respect to charge, mass and mo-
mentum and their transport to the experimental area of interest are well-
established experimental techniques. Of special interest in the present context
are multicharged ion (MCI) sources which nowadays can deliver beams of Z7+
ions (atomic number Z, charge state ¢) for virtually any chemical species up
to the fully stripped (“naked”) ions (¢ = Z). In the following we describe
some MCI sources, which naturally can also deliver slow singly charged ions.

ECRIS — Electron Cyclotron Resonance Ion Source

An ECRIS [35-37] consists of the main components as shown in Fig. 3.3a.
A discharge chamber filled with the working gas (pressure typically <10~°
mbar; ion production from non-volatile substances see below) is immersed in
a “min-B” magnetic field geometry (i.e., the magnetic field strength increases
from the plasma center outward) providing the necessary ion confinement.
Such magnetic field configurations are generated by solenoids (which for larger
set-ups may be superconducting) and multipole magnetic fields produced by
permanent magnets (Sm-Co, Fe-Nd-B). Microwave radiation with a frequency
up to 28 GHz is fed into the discharge chamber to produce a plasma wherein
the electrons are heated by electron cyclotron resonance (ECR) when drifting
through the so-called ECR zone (cf. Fig. 2.1), where the electron cyclotron
frequency v.. = e B/2m.m, matches the applied microwave frequency (e and
me are electron charge and -mass, respectively, and B is the local magnetic
field). The electrons can acquire hundreds of keV and thus ionize the magnet-
ically confined ions which stay rather cold. This permits efficient step-by-step
electron impact ionization up to high ¢ values and extraction of high-quality
(low-emittance) MCI beams. The energy spread of extracted ions is typically
between 5 and 10 eV times charge state q.
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Fig. 3.3. (a) Main components of an ECRIS for MCI production (cf. text) (b) Main
components of an EBIS/EBIT for MCI production (cf. text)

Production of ions from solid compounds can be achieved via sputtering
or vaporisation from suitable electrodes brought near to the ECR zone, or by
evaporisation from a crucible inside the discharge chamber. Stable operation of
the ECRIS plasma requires additional electrons which can be delivered from
a hot filament or by ion-induced electron emission from oxide-coated inner
walls of the discharge vessel, or from probes biased negative with respect to
the ECR plasma. Since its invention in the late sixties ECRIS have undergone
rapid development. Of special interest for the experimenter is the actual trend
to rather compact all-permanent magnet ECRIS which require astonishingly
low microwave power.

EBIS — Electron Beam Ion Source

EBIS utilizes a high-density electron beam for both ion confinement and step-
by-step ionization [38]. An intense electron beam with typical length of about
one meter, a diameter of about 0.1 mm and a current density of up to several
thousands A/cm? inside a series of drift tubes which can be connected to
different potentials is focused by a strong magnetic field of typically one Tesla
produced by a long (usually superconducting) solenoid (cf. Fig. 3.3b). The
electron beam, by virtue of its strong negative space charge, provides strong
confinement for positive ions as long as appropriate potential barriers are
applied on both ends. The ion confinement can last from a few milliseconds



86 F. Aumayr and H. Winter

up to many seconds until the full space-charge compensation of the electron
beam is reached.

The ions are brought into the electron beam either by gas injection or from
external ion sources and will be ionised in a step-by-step manner. The lower
the surrounding background gas pressure, the more efficiently this ionization
proceeds. The background pressure can be kept well below 10719 mbar by
cryogenic pumping on the inner walls of the superconducting solenoid. At any
time during the ion confinement only a narrow group of MCI charge states is
present. In the short-pulsed mode, ions are extracted by rapidly lowering one
of the axial potential barriers (extraction times typically 5-50 us). However,
the EBIS may also be operated c.w. in the so-called “leaky mode” which
delivers less highly charged ions than in the (short) pulsed mode. EBIS are
capable of producing up to fully stripped Xe>** ions (about 10* per pulse) or
fully stripped Ar'®* (about 10® per second; [39]). Typically, the emittance is
<10 m.mm.mrad and thus smaller than for ECRIS.

EBIT — Electron Beam Ion Trap

EBIS and EBIT have as common working principle the step-by-step ioniza-
tion of ions which are trapped in the space charge of a dense electron beam.
The EBIT concept has been developed by Marrs et al. [40, 41]). It involves
a much shorter electron beam (only a few cm) than the EBIS, which is eas-
ier to realise and probably more stable. Originally, the EBIT was devised for
studying soft X-ray radiation from trapped MCI subjected to electron impact
excitation and -ionization for up to H-like U%'* [42]. However, the MCI can
also be extracted along the electron beam direction [43], in which case similar
ion charge spectra and MCI yields are obtained as with EBIS. For production
of MCI from non-gaseous compounds, singly charged ion species can be in-
jected in a similar way as for the EBIS, e.g., from a metal vapour vacuum arc
source (“MEVVA?”; [44]). EBIT are relatively small devices [45], comparable
in size, technology and maintenance costs to medium-performance electron
microscopes. Recently, a very compact EBIT has been developed with the
magnetic field configuration for electron beam confinement produced from
permanent magnets [46], which therefore needs no cryogenic components.

3.2.2 Preparation of Target Surfaces

A basic requirement for reproducible experimental results to be compared
meaningfully to theory are well defined target surfaces. Here we distinguish
polycrystalline and single crystalline surfaces. In case of polycrystalline ma-
terials the sample cleanliness is important but structural aspects cannot be
neglected. Especially for low ion energies possible preferential orientation of
the grains of a polycrystal may cause channeling leading to structural effects
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in particle penetration, scattering and sputtering. For more advanced elec-
tron emission- and especially ion scattering experiments single crystal sur-
faces are necessary. In general, the target preparation follows conventional
recipes [47-49]. Metal single crystals are polished and oriented before being
transferred into the UHV chamber. Target preparation consists of sputtering
and annealing cycles. The target cleanliness is usually checked by Auger-
electron-spectroscopy (AES) or ion scattering spectrometry (ISS) [47, 50].

Annealing temperatures for single-crystalline surfaces can be kept below
0.5 T, where T}, is the bulk melting temperature. Higher temperatures may
cause severe segregation of impurities. In cases of obnoxious impurities suitable
gas-surface reactions, e.g. with oxygen to remove carbon or with hydrogen to
remove oxygen, may be necessary. The structural quality of the surface is
controlled in many cases by low electron energy diffraction (LEED) or by
surface channeling effects [47, 50]. For low index directions of a single crystal
surface characteristically shaped spatial ion distributions are observed [51, 52],
whereas for high index or “random” directions the angular peak width of
reflected ions is a good indicator for the “flatness” of a surface [10, 49].

For semiconductor surfaces the sputtering and annealing procedure is less
effective or simply destructive. Due to the covalent bonding, annealing of
a sputtered semiconductor surface is poor. Semiconductor surfaces are pre-
pared by following chemical recipes in case of Si and a heating process in
vacuum [48]. In some cases, i.e. III-V semiconductors, cleaning in vacuum is
possible. In case of oxides the extreme sensitivity to ion bombardment causes
problems. Beside structural damage by preferential sputtering, i.e. the deple-
tion of oxygen in the near surface region, defect creation causes severe changes
of surface properties. Thin oxide layers can be grown in situ on the proper
metal substrate [53, 54].

For insulator surfaces a severe difficulty in ion beam experiments is caused
by the generation of electrical charges at the surface. Both the impact of
positively charged ions and the consequent electron emission contribute to a
positively charged surface layer. This will not only change the impact energy
and beam geometry, but also the energy distribution of emitted charged par-
ticles. Since their energies are usually very low, even a charge-up by less than
one Volt can severely influence measured total yields of charged secondary
particles. Charge building-up at the surface can be overcome in several ways.

— Flooding the target with charge carriers of appropriate polarity.

— Deposition of insulating target materials as thin (Wm) or ultra thin films
(nm) on metal substrates, to reduce the electrical resistance of the surface
layer.

— Heating of a sample up to temperatures where it becomes a good ionic
conductor (e.g. for alkali halide targets).



88 F. Aumayr and H. Winter
3.2.3 Techniques for Studying Ion—Induced Electron Emission
Total Yield and Number Statistics of Slow Electrons

The total electron yield v (mean number of electrons emitted per single pro-
jectile impact) can be determined from the fluxes of the incoming projectiles
I, and the emitted electrons I, = - I,/q (so-called current measurement [1]).
With charged projectiles this can be accomplished in a straightforward man-
ner by measuring target currents with and without permitting the electrons
to leave the target, which is done by appropriate target biasing. Precautions
have to be taken against possible disturbances from charged particle reflec-
tion, secondary ion emission and, especially, spurious electron production due
to impact of reflected or scattered projectiles or electrons, all such effects
possibly causing additional electron emission from the target region [1]. For
current measurements in general ion currents of at least nA are necessary.

A superior technique for determination of total electron yields v involves
the electron emission statistics (ES), i.e. the probabilities W, for ejection
of 1,2,...,n electrons per incident projectile, from which the total yield is
obtained as the first moment of the W,, [55-59].

Figure 3.4 shows an appropriate set-up where the incoming ions can be
accelerated or decelerated by a four-cylinder lens assembly to any desired nom-
inal impact energy, before hitting a target surface under normal incidence. In
some experiments the ion impact energy was only limited by the projectile
ion image charge interaction with the surface [25]. Practically all electrons
ejected from the target with energies smaller than 60 eV into the full 27 solid
angle are deflected by a highly transparent (96%) conical electrode and then,
after extraction from the target region, accelerated and focused onto a surface
barrier detector connected to U, > +20 kV with respect to the target. The
resulting ejected electron trajectories have been indicated in Fig. 3.4. The
probability Wy that no electron is emitted cannot be determined directly, but
may practically be neglected for yields v > 3. This ES technique requires ion
fluxes at the target surface of less than 10* projectile/s only and is there-
fore ideally suited for the comparably weak MCI beams from EBIS and EBIT
(see above). Additionally, charging-up of insulator surfaces under HCI bom-
bardment will be avoided [60, 61]. Furthermore, since MCI-induced potential
electron emission depends strongly on the MCI charge state, ES measure-
ments can be utilized to distinguish between different MCI species with equal
or nearly equal charge — to — mass ratios present in “mixed” ion beams [62].

Apart from giving access to precise total electron yields, the emission num-
ber statistics is also of genuine interest by itself since it can be analyzed
with respect to the total number of electrons involved in particular emission
processes and the mean “single electron emission probability”: Only a frac-
tion of the electrons excited in an ion-induced event can actually escape into
vacuum [5, 63, 64].
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Fig. 3.4. Experimental setup for measuring the electron emission statistics [59]

Ejected Electron Energy Distribution

For electron energy analysis various types of spectrometers have been applied.
Electron spectrometers consist essentially of electrodes producing a well de-
fined electric field. The notation of such spectrometers refers primarily to the
shape of these electrodes (parallel plate-, cylindrical mirror-, cylindrical- or
spherical spectrometer). In Fig. 3.5 we show a setup with a single parallel
plate electron spectrometer [34].

target (rotatable)

to electronics

electron
spectrometer (rotatable)

9 channeltron
magnetic sensors

Fig. 3.5. Experimental setup for measuring electron energy distributions [34]
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Electrons from the target surface enter the electric field through an en-
trance slit and, after appropriate deflection, leave the field by passing the
exit slit. An important quantity of the spectrometer is the solid angle de-
fined as the product of the polar and azimuthal acceptance angles. Another
important property is its (relative) energy resolution AE/E defined as the
accepted energy interval AF divided by the electron energy E. The quality
of a spectrometer is also determined by its focusing power since such electron
spectrometers can be constructed to focus in different orders. Various aspects
have to be considered if a choice is to be made between different types of
spectrometers. Favourable features of the spectrometers are a high resolution,
large transmission and simplicity of design. High resolution is required when
individual Auger lines are to be measured. Natural line width and separation
of adjacent lines are of the order of 1 eV. Accordingly, resolutions AE/E of
107* to 1072 are required using, e.g., 1000 eV electrons. Such a resolution
may in principle be realised by reduction of the spectrometer slits or by de-
celeration of the electrons. The latter method takes advantage of the fact that
AE/E is usually constant so that a reduction of E will also decrease AFE.
The deceleration method is advantageous, since the loss in the spectrometer
efficiency is relatively small. Furthermore, the deceleration method allows for
varying AE during the measurements. For high resolution measurements one
has to shield against the earth magnetic field. A reduction factor of about 100
can be achieved by mumetal shielding inside the scattering chamber. Spurious
electric fields must also be avoided which are generally produced by electrons
collected at insulating surfaces.

Coincidence Techniques

The relative importance of ion induced PE and KE from solid surfaces is
not easy to determine. Measurements performed under grazing angles of inci-
dence are of particular interest here, since then the projectiles interaction with
the surface proceeds along a well-defined trajectory (surface channeling [10]).
More detailed information can be obtained if the electron emission is observed
in coincidence with the angular distribution of scattered projectiles [66-68].

Figure 3.6 shows a setup where the energy- and angular distributions of
projectiles impinging under grazing incidence on a flat monocrystalline target
surface can be observed in coincidence with the ES of ejected electrons (for
further details, see Sect. 4.2). In such situations neutral scattered projectiles
are often much more abundant than charged ones. Kinetic energy distributions
of both neutral and charged particles can be determined by means of time-of-
flight (TOF) techniques which, however, requires a well-defined time structure
(short pulsing) of the projectile beam.
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Fig. 3.6. Experimental setup (schematic) for measuring ES of ejected electrons from
grazing incidence of slow MCI on a flat target surface in coincidence with scattered
projectiles [68]

3.3 Potential Electron Emission from Metal Surfaces

3.3.1 MCI Impact Under Normal Incidence on Metal Surfaces

Although potential electron emission is already possible for singly charged ions
or even excited atoms [7, 8, 23, 69, 70], a substantial number of PE electrons
can only be emitted during the interaction of MCI with surfaces. From early
yield measurements [21] a linear dependence of the total electron yield v on
the projectiles potential energy (i.e. total MCI recombination energy) has been
assumed in accordance with multi-step RN/AT relaxation cascades in front of
the surface. This linear relationship between the total electron yield and the
MCT potential energy breaks down for higher MCI charge states [71-75], but
no saturation of the total electron yield as a function of charge state could
be observed for a metal surface even at very high MCI charge states [25, 26],
Fig. 3.7). Total electron yields as derived from ES measurements for impact
of slow MCI up to q = 80 are shown in Fig. 3.7.

If we regard a larger impact energy range, such data exhibits the following
general behaviour. Starting at the lowest possible impact velocity caused by
mirror-charge attraction of the projectile [26], the electron yield drops contin-
uously towards a minimum and then rises again due to the onset of KE (cf.
Fig. 3.8). For a clean gold surface this KE starts at a threshold impact velocity
of about 2.10° m/s [76, 77] (see also Sect. 3.2 in the contribution of C. Lemell
and J. Burgdérfer to this book). In the exclusive PE regime (i.e. below the
onset of KE), according to [25, 26, 57, 58, 78] v can be approximated by the
empirical relation

vpe(v) ~ % + Yoo (3.1)



92 F. Aumayr and H. Winter

300

FZ9" 5 Au

The* 3
200} 9

5x10* m/s

y (e’fion)

100

5x10°m/s

Fig. 3.7. Charge-state dependent total electron yields for impact of Ar?t, Xel™,
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Fig. 3.8. Total electron yields v vs. ion velocity v measured for impact of singly
and multiply charged Ne ions on atomically clean polycrystalline gold [76]. Observed
electron yields result jointly from KE (which from the threshold around 2 - 10° m/s
monotonically increases with impact velocity) and PE (which increases with ion
charge state)

¢ and v are constants depending on the collision system under consideration,
and the impact velocity v has to be taken as the effective projectile velocity,
i.e. including the appropriate image charge acceleration.

In order to extract information on the above-surface neutralisation phase,
measured total yields have been compared with COB model calculations [57,
78]. Increase of the electron yield towards low collision velocity (cf. Fig. 3.8)
is described by the first term in Eq. (3.1), which is attributed mainly to Al
cascades which deliver the more electrons the more time is left in front of
the surface. The velocity-independent part of the PE yield as denoted by
the constant 7., in Eq. (3.1) stands for very fast electron emission in the
surface selvedge due to screening. Here we can no more distinguish between
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conduction band electrons and electrons bound to the projectile; in other
words, the projectile core has become “dressed” by conduction band electrons
[79-81]. Further insight into the origin of the slow electron emission is provided
if we compare measured ES with model probability distributions [82]. We
assume that these electrons are emitted independently of each other with
an about constant chance p. Then the probability for emission of n electrons
follows from the binomial distribution for p and an electron ensemble of size NV
as its second parameter. By best-fitting binomial distributions with different
values p and N to a measured ES we can evaluate both parameters. ES for
slow MCI impact on metal- and insulator surfaces follow closely binomial
distributions [59] which indicates that then the electrons have mainly been
ejected above and at the surface. On the other hand, electron emission mainly
from below the surface due to impact of faster MCI which also induce KE
results in ES which clearly deviate from a binomial distribution and fit much
better to Poisson- [59] or Polya distributions [64, 82].

3.3.2 MCI Impact Under Grazing Incidence on Metal Surfaces

Coincidence measurements beween ES and scattered projectiles have been
performed for grazing impact of slow MCT on clean monocrystalline Au(111)
with an experimental setup as sketched in Fig. 3.6 [67, 68]. Figure 3.9 shows
an intensity distribution of scattered projectiles as recorded with a position
sensitive detector for 0.45 keV /amu Ar®* ions directed at an angle of incidence
of 5° onto a Au(111) surface [66]. The peaked feature on the top right hand
side represents a small fraction of the primary ion beam that has passed above
the target (see Fig. 3.6), whereas the broad peak results from scattered pro-
jectiles. Specularly reflected projectiles contribute to the central peak, while
scattering from surface imperfections (e.g. steps) is responsible for the tail
of the scattering distribution. On the bottom of Fig. 3.9 we show the mean
number of electrons emitted in coincidence with different parts of the angu-
lar distribution shown on top. Apparently, less electron emission results from
specularly reflected projectiles than for scattering under larger angles.

In Fig. 3.10 we show various ES from these measurements. In the upper
panel there is a “non-coincident ES” resulting from all impinging projectiles
without selection. The “coincident ES” is obtained in coincidence with pro-
jectiles from the complete scattering distribution shown on top of Fig. 3.9.
From the difference we see that a considerable fraction of projectiles is not
specularly reflected, which apparently produces a higher electron yield. In
the middle of Fig. 3.10 we show (1) an ES coincident with truly specularly
reflected projectiles (i.e. for the central peak on top of Fig. 3.9), and (2) an-
other ES measured coincidently with projectiles scattered out of the specular
direction (i.e. in the tail on top of Fig. 3.9). ES (2) clearly corresponds with
a higher electron yield than ES (1) [66]. Finally, on the bottom of Fig. 3.10
an ES is shown for Ar®t impact under normal incidence on polycrystalline
Au with an impact energy which was equal to the kinetic energy component
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Fig. 3.9. Top: Intensity distribution of scattered projectiles as recorded on a posi-
tion sensitive detector for the case of 0.45 keV/amu Ar®" ions impinging under a
grazing angle ¢in = 5° onto a Au(111) surface [66]. Bottorn: Mean number of emit-
ted electrons measured in coincidence with projectiles scattered into different exit
angles (positions correspond to top of this figure)

normal to the surface in the case of grazing incidence [58]. Since 100 eV Ar
projectiles (v = 2.2 x 10* m/s) can hardly produce any KE, the ES on the
bottom of Fig. 3.10 results exclusively from PE by neutralization of Ar8* ions,
which release a total potential energy of about 600 eV upon surface impact.
The similarity of this ES and the one labeled (1) in the middle of Fig. 3.10
shows that in the case of metal surfaces specularly scattered projectiles provide
approximately the same PE yield as the much slower ones impinging under a
much larger angle. ES (1) can therefore be related to PE by projectiles which
did not approach the top-most surface layer any closer than about 1 a.u. and,
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Fig. 3.10. Top: ES for 0.45 keV/amu Ar®" ions impinging under a grazing angle
¢in = 5° onto a Au(111) surface, measured non-coincident and in coincidence with
all scattered projectiles [66], respectively. Middle: ES for 0.45 keV/amu Ar®* ions
impinging under a grazing angle ¢in = 5° onto a Au(111) surface, measured in
coincidence with the central part (1) and with the wings (2) of projectile scattering
distribution shown on top of Fig. 3.9, respectively. Bottom: ES for 2.5 eV/amu
normal incidence of Ar®‘on polycrystalline Au [58)

as to another conclusion from this observation, the above-surface PE part
from hollow-atom relaxation above a metal surface is shown to depend on the
perpendicular impact velocity component only.

Two notes need to be added here. First, for grazing scattering of MCI on
metal surfaces, the exit angle of specularly reflected projectiles is increased via
image charge attraction on the incoming trajectory [25, 83-85]. For example,
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Ar®F jons will gain near a Au surface (work function W, = 5.1 eV) about
30 eV (see also Sect. 3.4 in the contribution of C. Lemell and J. Burgdérfer to
this book) which is a non-negligible fraction of the initial perpendicular energy
of 100 eV for the above discussed case. Actually, for very high ion charges ¢
this image charge acceleration will make the grazing incidence regime difficult
to access.

Secondly, sufficiently fast grazing incident projectiles can produce KE by
elastic collisions with quasi-free electrons above the surface (see contribution
by H. Winter to this book). However, Ar projectiles with a velocity of 0.1
a.u. produce a KE yield of less than 2% which is negligible for the present
considerations.

3.3.3 Potential Excitation of Plasmons

As discussed in more detail in the contribution of R.A. Baragiola and
C. Monreal to this book, electron spectra for impact of slow singly [32, 86] and
multiply charged ions [86] on quasi-free electron-metals may contain contribu-
tions from one-electron decay of plasmons. The respective signature appears
at electron energies E, — Wy (E, ... target bulk- or -surface plasmon energy).
Socalled “potential excitation of plasmons” (“PEP”) arises if the ion poten-
tial energy exceeds E, + Wy, but plasmons can also “indirectly” be excited
by sufficiently fast electrons from KE.

A special situation was encountered for H* impact on Al(111) where a
conspicuous structure in the respective electron spectra has originally been
related to plasmon decay [87], but is probably caused by the diffraction of
multiply-scattered KE electrons [34].

According to theoretical predictions [88] for impact of slow ions (v < 1 au)
on clean metal surfaces an important de-excitation channel for the projectile
potential energy should be due to plasmon excitation (i.e. collective oscilla-
tions of the quasi-free electron gas in the solid). Electron spectra for impact
of singly [32, 86] and multiply charged ions [86] on quasi-free electron metal
surfaces show fairly weak peaks at electron energies E, — Wy (E, ...bulk-
or surface plasmon energy). Consequently, for clean Al (W, =~ 4.3 ¢V) the
one-electron decay of bulk plasmons (E, ~ 15.3 V) should leave an electron
peak at 11 eV and for surface plasmons at 6.6 eV. Bulk plasmon excitation
in aluminum due to the kinetic projectile energy can only proceed beyond ca.
40 keV/amu [32, 86, 89]. Therefore, slower ions can only excite plasmons due
to their potential energy, in competition with Auger electron emission. Such
“potential excitation of plasmons — PEP” requires an ion potential energy
exceeding the sum of E, + Wy.

However, “indirect” excitation of plasmons can take place by sufficiently
fast electrons (> 35 e€V) which are produced from KE in the same collision
process [90]. Guided by recent studies on PEP [32, 86], we have measured
electron spectra for impact of <10 keV H* HJ, Het, Ne?t and Ar?* (¢ = 1,2)
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on atomically clean poly- and monocrystalline Al. In these electron spectra
the following features have been observed (see Fig. 3.11) [91]:

(a) At ca. 63 eV the AI-LMM Auger electron peak from sputtered neutral Al
atoms, and minor peaks on its left side from Auger electron emission from
sputtered AlT ions.

(b) Doppler-shifting autoionisation lines from doubly excited projectiles (He™
and Ne?t).

(¢) A broad peak at about 11 eV which is related to bulk-plasmon decay, and
in some cases also a considerably weaker surface plasmon peak at 6.6 eV.

Figure 3.12 shows electron spectra for impact of 5 keV HT (impact angle
1 = 5° with respect to the surface) on poly- and monocrystalline Al.

For polycrystalline Al only a weak (indirectly excited [90]) bulk plasmon
peak (c) can be recognized, whereas for the monocrystalline Al(111) surface a
considerably more prominent peak is seen which however moves if the electron
emission angle « is changed with respect to the surface, instead of staying at
11 eV as expected for bulk-plasmon decay (see above). Such “moving peaks”
have already been observed in [87] and were there ascribed to plasmon decay.
In contrast to this interpretation, we explain this feature by the diffraction
of slow electrons from KE which have undergone multiple scattering near the
surface of the monocrystalline target [34]. Variation of total electron yields
when changing the target crystal orientation vs. the incident ion beam can
be ascribed to changing conditions for projectile channeling (see, e.g., [92]).
However, in the present measurements the ion incidence angle 1 as kept fixed
and the angle of electron emission a varied. Similar diffraction features as for
5 keV H* have been found for 10 keV HJ impact on Al(111) [34], but not
for any other projectile ions. This can probably be understood from the fact
that projectiles heavier than protons cause considerably stronger sputtering
and thus more surface roughening than impact of H* or Hj .

Another remarkable result concerns the relation between the importance
of potential excitation of bulk plasmons and the projectile potential energy.
Comparing relative plasmon-excitation probabilities for different primary ions
suggests an excitation process which is quasi-resonant with respect to the
available potential energy [34]. PEP can of course not proceed at too low po-
tential energy (e.g., for HY or Ar*, where the observed plasmons are excited
by fast electrons from KE). PEP is apparently most probable for Ne* where
the ion neutralisation energy practically matches the potential energy which
is required for bulk plasmon excitation (see above), and it becomes clearly
less probable for higher potential energy (Het, Ar?*). In particular, the sig-
nificance of bulk plasmon peaks in the electron spectra for Ne™ and Ne?* is
not much different for poly- and monocrystalline Al surfaces, which can be
explained in the following way [34]. The potential energy arising from the first
neutralization step Ne?* = Ne™™ is too low for excitation of bulk plasmons,
and the subsequent de-excitation of the intermediate singly charged excited
ion Net* = Ne™ provides an already “too large” potential energy. There-
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Fig. 3.11. (a) Electron spectra (in arbitrary units) for impact of 5 keV Net on
clean Al(111) for 5° ion incidence- and various electron emission angles. The dif-
ferent spectra have been set-off with respect to each other for better comparability.
(b) Electron spectra (in arbitrary units) for impact of 10 keV Ne™ and Ne*' on
clean polycrystalline Al for 45° ion incidence- and 30° electron emission angles. The
two spectra have been set-off with respect to each other for better comparability
(from [91])
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peaks” in electron spectra induced by impact of 5 keV HT on Al(111) (from ref. [34])
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fore, for impact of Ne?* the probability for bulk plasmon excitation will be
dominated by the potential energy of the intermediate Ne™ ground state ion,
and it should therefore not be significantly more important than for impact
of Net (see Fig. 3.11).

3.4 Potential Electron Emission from Insulator Surfaces

3.4.1 MCI Impact Under Normal Incidence on Insulator Surfaces

Investigations of electron emission from insulator surfaces are more difficult to
perform than for metal surfaces (c.f. Sect. 2.2). Reliable experimental evidence
on MCl-induced PE from insulator surfaces is therefore scarce and also mainly
limited to low charge state ions (¢ < 10) [60, 61, 93]. Considerable differences
can be expected to the case of PE from metal surfaces (see outlook).

In the following we report on measurements of total electron yields for
impact of N9t (¢ = 1,5,6) and Ar?" (¢ = 1,3,6,9) ions on clean, poly-
crystalline lithium-fluoride LiF [60, 61]. The results differ considerably from
the ones measured for metal surfaces (Fig. 3.13). Because of the larger bind-
ing energy for LiF valence band electrons, the neutralization sequence starts
closer to the surface than for metal targets and less time is available for
above-surface Al. For projectiles without inner shell vacancies (e.g. N°T), a
considerably smaller electron yield is therefore found than for a Au surface,
whereas for N®* (one K-shell vacancy) the yields for both target species be-
come about the same (Fig. 3.13). This has been attributed to the comparably
more efficient secondary electron emission in LiF which is induced by the fast
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Fig. 3.13. Total slow electron yields ~ for impact of N°* and N®* on clean poly-
crystalline Au (lines only) and LiF (lines through data points) vs. impact energy [60]
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(E. ~ 350 eV) KLL-electrons from decay of N®F projectile K-shell vacancies,
and to a considerably larger inelastic mean free path of these secondary elec-
trons (see contribution by W. Werner to this book). In other words, for impact
of Nt on LiF, in comparison with an Au surface the less efficient “above-
surface” electron production is compensated by a more efficient below-surface
secondary electron emission [60].

However, for LiF the PE contribution to the total electron yield is only
dominant over the respective KE at considerably low ion impact energy
(Figs. 3.13 and 3.14), due to the low KE threshold energy (c.f. the contribution
on KE by Helmut Winter et al. in this book). In contrast to metal surfaces,
KE from LiF starts at much smaller impact energy (lower KE threshold than
for Au), increases faster with projectile velocity and shows an “inverse” de-
pendence on incident charge state ¢ of the Ar4™ projectile ions (less emission
for higher q) [61, 94]. A better separation of PE from KE therefore requires
slow MCI projectiles in higher charge states (work in progress; see outlook)

y (e’flion)

Ard* —» LiF |

o Y Y E U R
10 100 1000 10000 100000

Ep (eVv)

Fig. 3.14. Total slow electron yields v for impact of Ar?" (¢ = 1,3,6,9) on LiF vs.
impact energy [61]

3.4.2 MCI Impact Under Grazing Incidence on Insulator Surfaces

A first attempt to separate PE and KE in coincidence measurements of ES
and angular distributions of scattered projectiles as described in [66] was un-
successful due to the stong KE contribution present [95]. In order to separate
KE and PE contributions, we attempted to use the close relationship be-
tween KE and the inelastic energy loss of scattered projectiles. A time-of-flight
(TOF) unit added to the setup (Fig. 3.6) eventually allowed us to perform
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Fig. 3.15. (a) Coincidence spectra of number of emitted electrons vs. projectile
energy loss for 18 keV Ar®' impact on a LiF(001) surface (angle of incidence 3.8°)
[68]. (b) Cuts through these coincidence spectra at constant energy losses provide
related mean numbers of emitted electrons, and cuts for given numbers of emitted
electrons show related mean energy losses. The two curves have been extrapolated
to zero energy loss and zero number of emitted electrons (circles), respectively (for
further details cf. text)

ES measurements in coincidence with projectile energy loss [68] under grazing
incidence conditions.

Figure 3.15 shows as a general trend for those studies a direct correla-
tion of the mean number of emitted electrons with projectile energy loss.
Extrapolation of the resulting curve to the hypothetical case of projectiles
with no energy loss at all (not directly observable in our experiment) leads to
an electron emission yield which cannot be caused by kinetic energy loss of
the projectile [68]. Since such electrons are not emitted at the expense of the
projectile’s kinetic energy, they can only result from deposition of projectile
potential energy FEiot, i.e. they correspond to the “pure” potential electron
emission yield ypp(AE — 0).

Plotting such extrapolated ypp(AE — 0) values for different Ar?* pro-
jectiles as a function of the related potential energy does support this inter-
pretation. In Fig. 3.16 we find a linear relationship between the “pure” PE
yield and the potential energy brought towards the surface by the different
MCI, with no dependence on the kinetic energy which had been varied be-
tween 18 and 54 keV [68]. Most notably, the data points are close to the limit
of potential energy conservation (solid line in Fig. 3.16).

Auger processes leading to PE (see Chap. 1) require a potential energy
of at least twice the minimum electronic binding energy W, at the surface
(corresponding to the work function for metal targets). The maximum possible
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Fig. 3.16. “Pure” PE yields vs. MCI potential energy (data points) for grazing
impact of Ar?t (angle of incidence 3.8°) compared with theoretical prediction (solid
line, cf. text) [68]

number of electrons emitted via PE is therefore given by nmax = Epot/2Ws.
This maximum possible number of PE electrons is indeed obtained from our
experimental data, taking into account a binding energy of about 12 eV [96]
for the highest occupied states in the F'~(2p) valance band of LiF (solid line
in Fig. 3.16). Furthermore, we have assumed 100% probability for electron
escape from the surface which seems reasonable considering the large band gap
of LiF(001) which extends to vacuum energies and prevents accommodation
of the slow electrons inside the solid.

This remarkable finding suggests that up to the highest ion charge state/
potential energy which we have applied (so far Ar®*, E,; &~ 580 eV), the elec-
tronic properties of the alkali halide (limited hole mobility, possible reduction
of the electron capture rate due to hole formation and eventually necessary
capture of more tightly bound electrons, see, e.g., [97]) impose no limitations
on its ability to provide sufficient electrons for complete neutralization and
de-excitation within the (limited) surface interaction time. We note that these
PE yields for grazing Ar?t impact are by more than a factor of 2 larger than
PE yields by Vana et al. [61] for normal incident Ar?t on LiF (c.f. Fig. 3.14).
It is important to stress that in grazing collisions the projectiles interact with
many different (F~) sites over a rather large lateral extension. In contrast to
that Wirtz et al. [97] have shown that for normal impact on a LiF surface the
rates for capture from neighboring sites are considerably (typically one order
of magnitude) smaller than for capture from the Fluorine atom closest to the
projectile impact site. Further neutralization from the same site is also less
probable because it requires capture of a more tightly bound electron. Our
findings are also consistent with observations on the image charge acceleration
of multiply charged ions in grazing scattering on a LiF surface [98]. There the
interaction energies gained by the projectiles also point to a complete projec-
tile neutralization along the grazing scattering flight path.
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Since surface-channeled projectiles interact with the surface along well
defined and calculable trajectories [10], the here presented technique in prin-
ciple also allows to investigate PE yields as a function of the closest dis-
tance of projectile approach towards the surface. For not too high ion charge
states this could be an alternate way to determine distance dependent Auger
rates [99-101].

3.5 Fast Auger Electron Emission for Metal,
Semiconductor, and Insulator Surfaces

Recombination of inner shell vacancies accompanied by emission of fast Auger
electrons (or soft X-rays) takes place mainly in the latest stage of the HA
relaxation cascade. High energy Auger electron spectra show profound struc-
tures which, by means of Hartree-Fock atomic structure calculations, can serve
for identifying the HA configuration at the moment of the particular Auger
decay [102-104].

Whether this emission occurs still above or already below the surface has
been a controversial issue in the field [9, 105-107].

In Fig. 3.17 we compare high resolution KLL Auger spectra obtained for
N6+ ion impact on different target surfaces [108]. While results for semicon-
ducting p-doped Si(100) are very similar to the ones for Al(110), a pronounced
difference can be seen for the insulating LiF(100) surface; the conspicuous ab-
sence of a peak on the low energy side of the KLL spectrum, which for Si and
Al arises from slow L-shell filling via Auger cascades, has been explained by
Limburg et al. [108] by the much smaller electron mobility in LiF. Because
of the large LiF band gap L-shell filling can probably only start after the
projectile has entered the close collision regime at and below the surface.

Furthermore, blocking of resonance ionisation (RI) due to the existence of
the LiF band gap has been made responsible for delayed lower-shell population
in HA which are in front of the surface. Khemliche et al. [109] have compared
results for O™ induced KLL Auger electron emission for a clean LiF surface
and a Au target surface covered by up to a single monolayer of LiF. The
authors argued that it is not the large band gap which only in the case of
bulk LiF could restrain RI back into the target, but rather the high LiF work
function that hampers neutralization of MCI in front of the surface.

As mentioned before, recombination of inner-shell vacancies can also pro-
ceed by characteristic X-ray emission. From highly resolved X-ray spectra
produced in HCI-surface collisions, the number of spectator electrons residing
in higher n-shells at the moment of the radiative inner shell transition and
the time scale for such inner-shell filling in an HA can be estimated. Such
measurements give direct evidence for the transient formation of HA [22].
However, as for the corresponding Auger electron spectroscopy, the question
to what extent such X-ray emission can occur still “above” or only “below” the
surface is not yet settled [111]. In any case, X-ray spectra reported by Briand
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Fig. 3.18. Low energy part of an electron spectrum measured for impact of 300 eV
Net on clean gold, in comparison with Monte Carlo calculations [112]

et al. [22] for impact of Ar'"™* on gas-covered silver can unambiguously be
attributed to arise from below the surface.

Figure 3.18 shows the low energy region of an electron spectrum resulting
from slow Ne?T impact on a clean Au surface [112]. A broad peak assigned
to emission of LMM Auger electrons is superimposed on a continuous back-
ground of slow electrons. The experimental spectrum shown in Fig. 3.18 has
been compared with model calculations performed with a Monte Carlo ver-
sion of the COB model [65], from which valuable insight can be gained into
the mechanisms responsible for the discrete features in such electron spec-
tra. Similar comparisons have also been made for impact of N6+ on Au [113].
Spectra of fast Auger electrons emitted upon HA relaxation at and below a
metal target surface have been explained to considerable detail from compar-
isons of angular-dependent (both with respect to MCI impact and electron
take-off) projectile KLL-, KLM-, etc. Auger electron spectra with elaborate
model calculations for electron production and -transport through the target
bulk and across the vacuum barrier [9, 112, 114].

3.6 Conclusion and Outlook

Although studied since the early fifties of the past century, electron emission
due to the potential energy of ions is still an active field of research. For slow
singly and multiply charged ions impinging on a metal surface experimental
data are abundant and the basic processes are meanwhile well understood. For
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the case of MCI-induced PE from insulator surfaces the experimental evidence
is more scarce and limited to low charge state ions. There are a number of
reasons why our present knowledge on PE by ion — metal interaction cannot
be extrapolated to collisions with insulating surfaces.

(i) The dielectric response of insulating surfaces (image charge acceleration,
hole mobility, etc.) is quite different from that of metallic targets, re-
sulting in new phenomena observable in experiment and because of their
complexity posing a considerable challenge to theory.

(ii) Electron transfer from an insulator surface to a MCI can lead to lo-
cal charging-up of the surface. The image charge acceleration usually
observed for metal surfaces could thus be altered or even be overcom-
pensated, leading to a repulsion of the projectile by the positive hole
charges on the surface (“trampoline effect” [97, 115]). If such a tram-
poline effect exists, a pure electronic interaction of the projectile ion
with the target without any significant momentum transfer to individual
target nuclei would be possible. This offers important implications for
using slow highly charged ions as a gentle tool for nanostructuring of
surfaces [9, 13, 116, 117].

(iii) The wide electronic band gap will affect and alter electronic transfer,
emission and excitation processes as compared to conducting surfaces.

By relating the projectile energy loss to kinetic electron emission we have
started to determine contributions from potential electron emission even in
the presence of a considerable KE yield. Our results suggest a practically
complete use of the available potential energy for electron emission during
grazing scattering, in sharp contrast to findings for the normal incidence case.
Considerably smaller PE yields for perpendicular MCI impact on LiF suggest
further search for the so-called trampoline effect.

In order to understand the difference between interaction of MCI with in-
sulator and metal surfaces, we presently study PE due to impact of slow MCI
in very high charge states (30 < ¢ < 70) on insulating surfaces. These experi-
ments are currently in progress using MCI beams from the Heidelberg EBIT
(MPT for Nuclear Physics Heidelberg, Germany). For normal ion impact the
effects described above might lead to a leveling-off of « above a certain pro-
jectile charge state. The point of saturation will most likely critically depend
on the details of the hole dynamics and therefore give important information
on the latter. By systematic variation of the ion impact angle we hope to
clarify the different mechanisms of hollow atom formation near and potential
electron emission from insulating target surfaces.
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Abbreviations

AD Auger de-excitation

AES Auger electron spectroscopy

Al auto-ionization

AL Auger loss to (empty states of) the conduction band
amu atomic mass unit

AN Auger neutralization

a.u. atomic unit

arb. units arbitrary units

COB classical over-the-barrier (model)
EBIS electron beam ion source

EBIT electron beam ion trap

ECR electron cyclotron resonance
ECRIS electron cyclotron resonance ion source
ES electron emission statistics
FWHM full width at half maximum

HA hollow atom

HCI highly charged ion

KE kinetic electron emission

MCI multi-charged ion

PE potential electron emission

PO peeling - off

QRN qusi-resonant neutralization

RD radiative de-excitation

RI resonant ionization

RN resonant neutralization

S-DOS surface density-of-states

SIMS secondary ion mass spectrometry
SS screening shift (of energy levels)
UHV ultra high vacuum
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4

Kinetic Electron Emission for Grazing
Scattering of Atoms and Ions from Surfaces

Helmut Winter

4.1 Introduction

Electron emission induced by impact of atomic particles on solid surfaces is
of substantial interest in fundamental research and technological applications.
As examples we mention particle detectors, surface analytical tools, display
technology, or plasma wall interactions. As a consequence a substantial body
of literature has been devoted to this field. In general, two different regimes for
the emission processes are of particular relevance: (1) kinetic emission (KE)
where kinetic energy of impinging projectiles is transferred to electrons bound
in a solid, and (2) potential emission (PE) where internal excitation energies
of atomic projectiles is converted into electronic excitations of the target. The
contributions of both mechanisms to the emission of electrons from a solid
target depend on specific conditions of the collision, in particular, the kinetic
energy of the projectiles and their internal electronic excitation energies. In
a simple picture, the ratio of kinetic energy and internal potential energy
provides an estimate on possible contributions of the two different processes
for the ejection of electrons. In this chapter we will concentrate our discussion
on recent progress in studies on kinetic emission (KE) phenomena. Potential
emission (PE) of electrons induced by multiply and highly charged ions will
be outlined in the Chap. 3 by F. Aumayr and HP. Winter.

The importance of electron emission induced by particle impact for a vari-
ety of different fields and applications has led over the last century to a large
amount of experimental and theoretical studies. For detailed information we
refer to some articles which review the developments in this field [1-5]. In
general, the emission of electrons is an intricate problem, since different mech-
anisms contribute to the final ejection of electrons from the solid into vacuum.
The emission process starts with the primary excitation of electrons within
a solid target, is followed by electron transport to the surface region (ac-
companied by excitations of secondary electrons), and eventually the crossing
of the solid-vacuum boundary. All these mechanisms have been investigated
in detail and modeled in the framework of theories taking into account the

H. Winter: Kinetic Electron Emission for Grazing Scattering of Atoms and Ions from Surfaces,
STMP 225, 113-151 (2007)
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electronic excitation and transport phenomena [6, 7]. However, despite sub-
stantial efforts in exploring the basic interaction mechanism, important basic
features concerning the interactions mechanisms are only vaguely understood.
As an example, we mention here the emission of electrons at low kinetic en-
ergies, where the small projectile energy leads to a substantial decrease for
the yields of emitted electrons. Experimental difficulties made studies on the
resulting threshold behaviour of electron emission quite challenging [8, 9] so
that the knowledge on this important issue of the emission processes is fairly
incomplete.

A further example is the fairly different electron emission yields observed
for impact of atoms and ions on insulator and metal surfaces made use of in
particle detection. It is known for a long time that electron yields for impact
of atomic particles on insulating materials can be substantially higher than
for impact on metal targets [10, 11]. In order to illustrate this, at first glance
surprising feature, we have sketched in Fig. 4.1 an energy scheme for a metal
(left panel) and an insulator target (right panel). It is observed that tightly
bound valence electrons from insulators (binding energy typically 10 eV) can
be more efficiently extracted from the solid than conduction electrons from
metals with a work function of typically 4 to 5 eV. Arguments for this finding
were based on the different electron transport affected by the band gap of
the insulator, however, details on the interaction sequence, in particular the
primary excitation process was not clear until recently.

In this chapter we will discuss recent progress in studies on KE for im-
pact of atomic particles on metal and insulator surfaces. We will focus on
specific aspects related to the impact of projectiles on the target surface un-
der a grazing angle of incidence, i.e. fast scattering of atoms or ions with the

metal insulator
€ €

band gap

VB

Fig. 4.1. Sketch of electronic energy diagram for metal (left panel) and insulator
(right panel)
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solid proceeds in the regime of surface channeling [12-17]. Under those con-
ditions, scattering of atomic projectiles from the surface is characterized by
a sequence of events with small angular deflections resulting in well defined
trajectories for ensembles of projectiles. For sufficiently small grazing angles
of incidence, projectiles will not penetrate into the bulk and interact with the
selvedge of the surface only. Since impact parameters with individual surface
atoms amount to typically some a.u. (atomic unit of length 1 a.u. = 0.529 nm,
a.u. are used throughout this paper unless otherwise stated) electron excita-
tion and emission phenomena during the interaction of atomic projectiles with
an electron gas can be investigated in some detail. It is this specific feature
which makes grazing ion/atom surface scattering from solid surfaces particu-
larly attractive for studies on the elementary mechanisms for the emission of
electrons induced by atomic particles.

In a general scenario of particle induced electron emission, projectiles pen-
etrate the bulk of the solid, may induce there a variety of excitation processes,
and are eventually absorbed in deeper layers of the target. For grazing scat-
tering most projectiles are scatterly specularly from the topmost layer of the
surface and can analyzed then with respect to their energy. As a consequence
it is possible to apply concepts of translation energy spectroscopy — well es-
tablished in collisions with atoms in the gas phase [18] — to atom-surface
scattering. Coincident detection of electrons with the energy loss of the spe-
cific particle which has excited the electrons allows one to map the interaction
scenario in very detail. We will outline in the next section basic issues of the
experimental techniques and discuss the new physical insights into the elec-
tronic excitation and emission phemomena obtained by this method. We will
show that with this experimental technique absolute total electron emission
yields can be reliably measured as low as about 107°. This property is the
basis of detailed studies on the threshold behaviour as outlined by examples
for different sorts of projectile-target combinations.

4.2 Concepts and Experimental Techniques

A basic mechanism for the transfer of kinetic energy from a fast atomic pro-
jectile to electrons is the elastic collision between these two partners of very
different masses. The energy transfer can simply be estimated from conser-
vation of energy and momentum. In head-on binary collisions, electrons are
scattered from the projectiles as being reflected from a moving wall so that
initial electron velocity (momentum) vectors vy, = (v, , v,) are inverted with
respect to the direction of the projectile velocity vector v, and enlarged ac-
cording to a velocity (momentum) transfer 2 v,. In the xz-frame with the x
axis along v, = (vp,0) we have for the final electron velocity or momentum

Ve = (—Vg,0;) +V,p (4.1)
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Making use of eq. (4.1), the outcome of such collisions on the initial mo-
mentum distribution of electrons can be visualized in momentum space as
illustrated in Sect. 3.2.1. For an estimate on the electron emission process
from a solid target we consider the maximum energy transfer to an electron
of kinetic energy E. and mass m, (m. = 1 a.u.) in a collision with an atomic
projectile of mass M. For an electronic binding energy of electrons with re-
spect to vacuum Ej, Baragiola et al. [2, 8] derived a threshold for electron
emission at a projectile energy

M
Ey = 5

€

(Ee —VE.(Ec+ Ep)+ b;’) (4.2)

This amounts in collisions of, e.g., H atoms with an Al surface (E. =
10.6 eV = Fermi energy, E, = W = 4.3 eV = work function) to Ey, = 168 eV
(vgn = 0.082 a.u.), whereas for LiF (E. ~ 4 eV = width of F2p valence band,
E, =12 ¢eV) we find Ey, = 1836 €V (v, = 0.271 a.u.). Note that the resulting
FEy, for the insulator is about one order of magnitude higher than for the metal
surface which is in contrast with the experimental findings (see, e.g., Fig. 4.6).

Investigations on the threshold behaviour of KE have been performed until
recently under large angle impact of ions on metal surfaces [8, 9]. Since reliable
measurements of very small total electron yields are an important prerequisite
for studies in the threshold regime, those studies were affected in this respect
by the limited performance of established experimental methods as current
measurements or detection of electron number distributions. Furthermore,
other contributions as potential emission (PE, see contribution of Aumayr
and Winter in Chap. 3) for incident ions or promotion processes related to
close encounters of projectiles with atoms of the crystal lattice could not be
excluded. As a consequence, important aspects of the threshold behaviour was
not clear and the role of subthreshold mechanisms remained uncertain.

In recent years, substantial progress in studies on KE and, in particular, its
threshold behaviour can be stated. These developments are closely related to
the experiments performed for impact under a grazing angle of incidence where
projectiles are reflected specularly in front of the surface [13, 19-21]. The new
type of experiments makes use of this property and provides information on
the final energies of projectiles after the collision with the target. Additional
detection of emitted electrons allows one furthermore to relate the emission of
electrons to excitations of the target during the scattering event, in particular,
for the coincident recording of the two channels [22-25].

A typical setup used for such studies is sketched in Fig. 4.2 [26]. In order to
reduce contributions of PE to a negligible level, neutral projectiles have to be
used. Then the energy loss of projectiles scattered from the target surface (in
sketch: LiF(001) mono-crystalline surface) can only be obtained using time-
of-flight (TOF) techniques. Chopped beams of neutral atoms are produced
via field plates biased with voltage pulses of ns rise time and subsequent near
resonant charge transfer in a gas cell. TOF studies of the chopped incident
beams provide a direct control on possible occupations of metastable levels for
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Fig. 4.2. Sketch of experimental setup for coincident TOF-electron number studies
[26]

the neutralized atoms which might contribute via PE to the overall emission
of electrons.

The TOF part of the setup is of standard design where the detector (chan-
nelplate electron multiplier, CEM in sketch) provides the “start” signal. The
“stop” signal is obtained from the delayed output signal of the chopper gen-
erator. In the studies, a stable overall energy resolution of a few eV for 1 keV
pojectiles has to be achieved by electronics comprising a digital delay with
ns stability and resolution [26]. Furthermore an ion source with a low energy
spread as well as a good emittance is needed [27, 28].

The detection of electrons can be performed in different ways. Electrons
emitted from the surface during ion/atom impact might be recorded by means
of a channelplate detector [29] or an array of channelplates [23, 30]. A detector
pulse may serve to monitor the presence of electrons and used as gating signal
for the TOF branch. The pulse heights of the CEM can be used to estimate the
electron number distribution. Roncin and coworkers [23] made use of a CEM
array in order to derive information on the spatial distribution of emitted
electrons. A TOF analysis for the electron channel allowed those authors to
measure the electron energy. As an example for results obtained with this
setup we display in Fig. 4.3 TOF spectra for 600 eV H® ions scattered from
a LiF(001) surface under a grazing angle of incidence ®@;, = 1.8°. The data
were recorded in LIST mode and analyzed in terms of events for a specific
number of emitted electrons (here: no electron, one electron, two electrons).
The spectra reveal peaked structures with defined energy shifts for different
number of emitted electrons. We will analyze and discuss these spectra in the
next section.
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Fig. 4.3. Energy loss spectra for impact of 600 eV H* ions on LiF(001) under
&in = 1.8°. Open symbols denote data coincident with no electrons [23]

The setup for the coincident recording of TOF spectra and number of
emitted electrons as displayed in the sketch of Fig. 4.2 is operating in the
laboratory of the author and was developed in collaboration with groups from
the TU Vienna (F. Aumayr and HP. Winter) and FHI Berlin (J. Viethaus and
U. Becker) [26]. Electrons emitted from the target are collected by a small
attractive electric field of about 100 V/cm and recorded by a surface barrier
detector (SBD) at a potential of about 25 kV where the pulse heights are
proportional to the number of electrons emitted during single collision events
[31-33]. Measurements are triggered by a TOF event where the two pulse
heights of a time-to-amplitude converter (TAC) and of the SBD are stored
in a two dimensional array. In Fig. 4.4 we show as an example a spectrum
obtained for scattering of 1 keV H® atoms from LiF(001) under &;, = 1.8°.
This spectrum is obtained for similar conditions as for the data shown in
Fig. 4.3 and reveals also defined peaks. Note that the ordinate is converted
from flight times to energy loss and the abscissa is the SDB pulse height
proportional to the number of emitted electrons. The noise signal of the SBD
represents events without emission of electrons.

Since in our method SBD pulse heights are recorded only when an event
is registered by the channelplate detector, one can also obtain accurate infor-
mation on events related to the emission of no electron (noise level of SBD).
This is the basis for precise measurements of low total electron yields v from
measured probabilities W), for a specific number n of emitted electrons [9] via

v = Zan/Z W, (4.3)
0 0
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Fig. 4.4. 2D plot of coincident TOF (vertical axis, “energy loss”) and SBD (hor-
izontal axis, “electron number”) spectra for scattering of 1 KeV hydrogen atoms
from LiF(001) under @, = 1.8°

For low v W, will dominate the electron number spectrum and can reliably
be derived from a coincident electron number spectrum as inferred from the
spectrum in Fig. 4.5 for the scattering of 2 keV H° atoms from an Al(111)
surface. The non-coincident spectrum of a free running SBD is dominated
by the noise of the detector, and information on contributions of W, can be
obtained only via statistical arguments from W,, for n # 0.

For precise measurements of the electron number distributions (END) and
of total electron yields one has to take into account the collection efficiency of
the setup for electrons (including transmission of a highly transparent grid at
the entrance of the electron detector which shields high electric fields from the
target region) and the reflection of fractions of electrons (typically 10 %) from
the surface of the SBD. The latter effect leads to additional intensity shifted
from main peaks in the spectra; correction of this effect is straightforward
[34]. The sensitivity of the method to record extremely low total electron
yields is limited by the properties of the chopped projectile beam. In order
to keep the data acquisition time in reasonable bounds, one has to enhance
the primary beam intensity. Then, however, the probability for finding more
than one projectile in a bunch increases and might affect the measurements,
since the second projectile also participates to the overall electron signal. This
additional projectile needs not be detected by the CEM, could undergo large
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Fig. 4.5. Coincident (full red/grey circles) and non-coincident (full blue/black
circles) electron number spectra for scattering of 2 keV H° from Al(111) under
din, = 1.8 deg

angle collisions with defects at the target surface, and results in enhanced
probabilities for emission of electrons. It turns out that this feature limits the
detection of reliable total electron yields to about 10~°. The sensitivity to
quantitative electron yields is not achieved by other experimental techniques
and makes this scheme of detection very attractive for studies of threshold
phenomena.

4.3 Studies on Electron Emission Phenomena at
Insulator
and Metal Surfaces

In the following we discuss studies on KE for grazing scattering of fast atomic
projectiles from metal and insulator surfaces. Since the lengths of trajectories
for particle impact scale as 1/ sin @;;,, experiments performed under glancing
angles of incidence are particularly sensitive to the defect structure of the
target surface. Therefore the elaborate preparation of atomically clean and,
in particular, flat surfaces in an UHV chamber at a base pressure of some
10~ mbar is substantial for such studies [13].

With the experimental procedures outlined in the preceding section total
electron yields were measured for grazing scattering of fast H° atoms from
insulator and metal surfaces. From the energy scheme sketched in Fig. 4.1
and the discussion above, one would expect a more efficient emission of elec-
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Fig. 4.6. Total electron emission yields as function of projectile velocity for scatter-
ing of hydrogen atoms from LiF(001) (blue/black full circles) and Al(111) (red/grey
full circles) under a grazing angle of incidence ®;, = 1.8°

trons from the metal. However, the experimental data in Fig. 4.6 shows the
opposite behaviour and implies that different mechanisms are responsible for
the ejection of electrons for the two different classes of materials. The yields
observed for scattering from LiF(001) (blue/black dots) are clearly larger than
for impact on Al(111) (red/grey dots) and show a smaller velocity for the on-
set of electron emission. In this respect we mention that enhanced total yields
are well established for emission of electrons during large angle impact of
particles [10].

4.3.1 Insulator Surfaces

For a detailed investigation of the electron emission process we make use of
coincident translation energy spectra as shown in Figs. 4.3 and 4.4. Important
information on specific excitation mechanisms during particle impact follows
directly from the 2D-representation of the TOF and electron number spectra
in Fig. 4.4. This spectrum is dominated by events which do not result in the
emission of an electron. The discrete peak structures present in the spectra
reflect the broad band gap of ionic crystals (about 14 eV for LiF). The intense
peak in the lower left corner with an energy loss of less than 1 eV stems from
projectiles which are elastically scattered under channeling conditions in front
of the topmost layer of surface atoms with a negligible transfer of energy to
the crystal lattice [35]. The second peak in the left column (0 electrons) shows
an additional energy loss of 12 eV; the resulting excitation process proceeds
without emission of an electron and was first ascribed by Roncin et al. [23]
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to the production of a surface exciton, a local excitation of an electron-hole
pair (see below). Also the production of a second exciton can be identified
in the spectrum. In the second column (1 electron) we find events combined
with the emission of one electron, emission of one electron and production of
one and more excitons. The mean energy loss for emission of an electron is
slightly larger than for the production of an exciton and amounts to 14 eV.
In the third column (2 electrons) we find events related to the emission of two
electrons, emission of two electrons plus production of one exciton, etc.

From the data in Fig. 4.4 we derive relative intensities and probabilities
for the emission of 0, 1, and 2 electrons as well as the production of a specific
number of excitons. The bars in Fig. 4.7 represent the experimental data
(full bars) and the result of a statistical analysis (open bars) in terms of an
interaction model sketched in Fig. 4.8.

Key feature of this model is the formation of a negative ion in a local
capture event of an electron from a halide site (here: F~ ions) which is part
of the “flat” band of partly localized valence electrons. Since this “active
site” is embedded in the lattice of an ionic crystal an additional binding by
surrounding positive charges (“Madelung potential”) results in a substantial
increase of binding energies of negative ions and a reduction in the energy
defect in collisions of atoms with anions. As a consequence, one finds an
enhanced probability Py, for electron capture. In the further sequence of the
collision, this level crosses the exciton level with transition probability P z.

1
300008 0 H® 1 keV , LiF(001)
25000 0 1 N data
1 binomial fit
B 20000 1
s
Pl 2
5000 2
10000
3
5000 4
0
0 electrons 1 electron 2 electrons

Fig. 4.7. Bar graph of intensities for spectra shown in Fig. 4.4 for emission of specific
number of electrons and production of excitons (number at bar). Full bars: exper-
iment, open bars: analysis of data in terms of binomial statistics with parameters
derived from interaction model [36]
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comprising potential energy curves for scattering of hydrogen atoms from LiF(001)
under grazing angle of incidence

Electrons emitted into vacuum result from the detachment of the (transient)
negative ion with probability Pge;. The experimental distribution of electrons
(ne) and excitons (neyx) shown in Fig. 4.7 is well reproduced for a number of
collisions n¢ep by the binomial distribution

P(ncoll) _ <ncoll > (1 . Pbin)ncoll—(nex-i-ﬂe)

flex e Nex + Ne

Nex+MNe nex+n€ ex Ne
R (1) (- P R (1.0

with parameters neon = 12, Phin = 0.138, and Pz = 0.418 [36].

Studies on Threshold Behaviour for H Atoms Scattered
from a LiF(001) Surface

The coincident detection of TOF and electron number spectra provides direct
information on the probability W, for the emission of no electron. This makes
this technique a powerful tool for studies of very low « as present near the
threshold for KE.
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Fig. 4.9. 2D plot of coincident TOF and SBD spectra for scattering of 400 eV (left)
and 800 eV (right) hydrogen atoms from LiF(001) under ®in = 1.8 deg

In Fig. 4.9 we show 2D spectra for H atoms of energy 400 eV (left panel)
and 800 eV (right panel) scattered from a LiF(001) surface. Comparison with
the spectrum displayed in Fig. 4.4 indicates that probabilities for electronic
excitations are strongly reduced at lower projectile energies. At 400 eV the
spectrum is completely dominated by the peak from elastically scattered pro-
jectiles and only a small fraction of excitons (small peak above prominent
peak) is produced. The signal from emission of electrons is extremely weak
and shows only a few events.

The resulting probabilities for exciton production (full circles) and electron
emission (full triangles) are displayed in Fig. 4.10 as function of projectile
velocity for constant normal energy E, = 0.6 eV. In addition, fractions of
negative H™ ions in the scattered beam (full squares) were measured. The
probabilities are generally small (< 0.1) and grow with increasing projectile
energy (velocity). The solid curves represent results from an analysis of data in
terms of the model for the electronic interaction mechanisms described above.

In more detail, the formation of a negative ion takes place at “active sites”
mediated by the confluence of levels for the two collision partners (labeled
“A” in the sketch of potential energy curves in Fig. 4.8). The probability for
a transition in this binary collision can be estimated from Demkov theory [37]

1 TaAE
Poin = = 2 4.
b 55 h ( 50 ) (4.5)

with 1/a = (Ell/2 + E'21/2)/21/27 E;, E; being electron binding energies of the
collision partners and AFE the effective energy difference between potential
curves (energy defect). In passing we note that this approach was first used
in the field of atom surface interactions for the description of negative ion
formation during grazing scattering from halide surfaces [38, 39]. After for-
mation of the negative ion the diabatic potential curve for (H™ 4+ F°) crosses
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Fig. 4.10. Exciton (full circles), electron (full triangles), and H™ fractions (full
squares) as function of projectile energy for scattering of hydrogen atoms from
LiF(001) with constant normal energy E. = 0.6 eV

the exciton level (H° + F~*) with a transition probability approximated by
Landau-Zener theory [40]

T Ag?

Prz = exp (2(dV/dJ§)mv) (4.6)

with Ae, being the energy gap of the adiabatic potential curves, (dV/dR),
the difference of slopes of the diabatic potential energy curves at the diabatic
crossing point. Negative ions surviving the crossing with probability Pz may
detach with probability Pye; before the next active site is reached. The com-
plete reaction scheme for scattering from LiF is presented in the upper panel
of Fig. 4.8.

Based on this reaction scheme, we consider only the occupation of a neutral
atom n, and negative ion 1y, (normalization 1,-+nmin = 1) which is modified
(n!, and nl,,) after one interaction cycle according to

TL; = MNo (]- - Pbin) + nonsin [(]- - PLZ) + PLZPdet} + Nmin Pdet (47)
Ninin = Mo Poin Prz (1 — Pact) + Nimin (1 — Paet) (4.8)

The probability for emission of an electron n, and production of a surface
exciton ney is given by

Ne = NoPoin PLz Pact + Mmin Pdet (49)

Nex = nonin (1 — PLZ) (410)
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Total electron yields and production of excitons are obtained from the
iteration over ncop effective collisions (number of active sites being passed by
projectiles). Since potential energy curves for the present case and details on
the detachment mechanisms are presently not available, relevant quantities
enter as free parameters, i.e. « AE, 8 = 1Ae2/2(dV/dR), , and Py -

The solid curves in Fig. 4.10 represent best (correlated) fits to the data
using eqs. (4.5-4.8). Variation of neoy yields lowest x? for about 10 collisions,
and with o AE = 0.22 a.u., 8 = 0.21 a.u., and Pye; = 0.50 the data in Fig. 4.10
are fairly well reproduced. This holds also for the statistical analysis of data
shown in Fig. 4.7. From the fractions of negative H™ ions in the scattered
beam one can derive Pqe; as function of projectile velocity and finds from
the analysis for low velocities about 0.5 with a pronounced increase at higher
velocities. Calculations by Borisov and Gauyacq [41] using a wave-packet-
propagation method show similar values and trends for electron detachment
of H™ ions in front of a LiF surface.

Studies on Electron Emission for Scattering of H Atoms
from a KI(001) Surface

For scattering from a KI(001) surface a similar interaction scenario takes
place. However, the lower binding energy of valence band electrons in KI
(8¢V) compared to LiF (12 eV) and the smaller band gap (KI: 6 ¢V, LiF:
14 eV) lead to substantially modified electronic interactions. In Fig. 4.11 we
show a 2D-spectrum for the energy loss coincident with the number of emitted
electrons after scattering of 400 eV H® atoms from KI(001) under @;, = 1.8°.
Comparison with the spectrum for scattering from LiF(001) (cf. Fig. 4.9)
reveals a pronounced increase in excitation probabilities, manifested in much
higher probabilities for production of surface excitons and emission of one
electron.

The origin for this observation is based on the clearly smaller binding
energy for I~ ions forming the valence band of KI. Then the energy defect
AE in the collision is reduced which leads according to eq. (4.5) to higher
capture probabilities P,;,. The energy loss spectrum from Fig. 4.11 coincident
with the emission of no electron is displayed in Fig. 4.12. The solid curve
represents a best fit to the data assuming discrete energy losses owing to
the production of surface excitons and the emission of electrons to vacuum
with small kinetic energies. The dashed curves denote additional contributions
necessary to reproduce the spectrum and which are ascribed to loss of electrons
to the conduction band of KI. Since, different from LiF, the bottom of the
valence band starts about 2 eV below the energy for vacuum, this channel for
electron loss is expected to play a role here. In a detailed analysis [42] it turns
out that electron loss to the conduction band has an increasing contribution
for larger projectile energies and explains that less electronic excitation energy
results in the emission of electrons than for, e.g. LiF. With this property one
can also understand, why the yields of H™ ions are not higher for scattering



4 Kinetic Electron Emission for Grazing Scattering of Atoms 127

30 <
a
k=] 204 -
h -
>
@
=
@ 901
n_
7 400 eV
0 1 2 3

electron number

Fig. 4.11. 2D plot of coincident TOF and SBD spectra for scattering of 400 eV
hydrogen atoms from KI(001) under ®in = 1.8 deg
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Fig. 4.12. Energy loss spectra for scattering of 400 H° atoms from KI(001) under
®i, = 1.8°. Full curves: contributions from elastic scattering and production of
surface excitons; dahed curves: contributions from excitation to the conduction band
of KI

from KI than from LiF. From the significantly smaller energy defect AE for
KI and the resulting larger P, , one would expect larger negative ion fraction
here than for LiF. A discussion on electron phenomena from surfaces of oxides
(thin films) is given by Zeijlmans van Emmichoven and Matulevich in Chap. 7
of this book.
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4.3.2 Metal Surfaces

In Fig. 4.13 we show a 2D-spectrum for scattering of 1 keV hydrogen atoms
from an Al(111) surface under a grazing angle of incidence ®;, = 1.8°. The
electronic structure of the aluminum target is fairly well described by the
approximation of a free-electron gas. The scattering conditions are the same
as for the data shown in Fig. 4.4 for scattering from LiF(001). The spectrum
for the metal reveals substantial differences compared to the insulator: (1)
instead of discrete peaks only a broad peak structure with substantially larger
energy loss is found for the metal; (2) the signal owing to emission of electrons
is clearly reduced, only a weak peak related to the emission of one electron can
be detected here. Comparison of spectra in Figs. 4.2 and 4.13 implies that the
interaction mechanisms for electronic excitation and emission from insulator
and metal target have to be substantially different.
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Fig. 4.13. 2D plot of coincident TOF (energy loss) and SBD spectra for scattering
of 1 keV hydrogen atoms from AI(111) under &;, = 1.8°

Model for Energy Transfer in Collisions of Atoms
with Conduction Electrons of Metal Targets

For grazing collisions of atomic projectiles with surfaces of metal targets elastic
encounter with (free) electrons is the dominant mechanism for electronic exci-
tations. The momentum and energy transfer in such collisions can be deduced
from eq. (4.1). A straightforward visualization of the momentum transfer and
the relevant occupied and unoccupied phase space for conduction electrons can
be achieved by the scheme of a shifted Fermi sphere in momentum space [43].
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As follows from eq. (4.1), the component of momentum for the (light) elec-
tron parallel to the direction of the incident (heavy) atom is inverted and
enhanced by ¢ = 2m v,. Since the distribution of occupied states for a free
electron metal is represented by the Fermi sphere in momentum space, the
final momentum distribution can be visualized by a Fermi sphere shifted by
momentum ¢ (see Fig. 4.14). The effect of the collision on a Fermi momentum
vector kg is sketch for a final electron momentum (red/grey arrow in figure)
obtained by inversion with respect to the direction of the incident projectile
and adding of q.

(k+Qp)/2 = EA+W

Fig. 4.14. Visualization of momentum transfer in collision of atoms with conduction
electrons by concept of shifted Fermi sphere in momentum space

Excitations of the electron gas can take place only, if the final electron
momentum is outside the initial Fermi sphere (section in k,k,-plane is drawn
in dark blue). Emission of electrons to vacuum is possible, if the final kinetic
energy is larger than the surface potential, i.e. (kr+¢q)%/2 > Er+W with Ep
being the Fermi energy (10.6 eV for Al) and W the work function (4.3 eV for
Al(111)). From this condition follows for the emission of electrons a threshold
of minimum energy transfer gy, = 2muy, with the projectile threshold velocity

(see also eq. (4.2))
Ven = %F [« J14+W/E, — 1] (4.9)

For vp and EFr for the bulk of Al one derives vy, = 0.088 a.u.
The phase space for excited electrons with sufficient energy (momentum)
to overcome the surface barrier is represented by the cap resulting from the
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section of the shifted Fermi sphere with the sphere of radius kg +qu, = (2(W +
Er))'/2. From geometrical arguments follows in lowest order for the volume
of the sphere cap a proportionality to (v — vi,)?, i.e. a quadratic threshold
law. In neglecting transport and passage of the solid-vacuum boundary one
expects in close vicinity of vy, a quadratic threshold behaviour of KE. In
passing we note that for low q (low projectile velocities) the volume of a cap
with respect to the static Fermi sphere increases linearly with q or v,. This is
the established v,-proportionality for electronic stopping via weak excitations
of Fermi electrons which are, however, not sufficient to excite electrons to
vacuum energies.

In the framework of this simple model, it is also possible to calculate
from the momenta of initial and final electronic states excitation energies
and the energy transfer to electrons. This is of particular interest for those
electrons which are eventually emitted into vacuum and which can be detected
in coincidence with the projectile energy loss (see below).

KE Studies Near Threshold for Scattering from Metal Surfaces

From the discussion above we expect for metal targets a different dependence
of KE on projectile velocity than observed for ionic crystals. In Fig. 4.15 we
show results from a detailed study on total yields as function of projectile
velocity for impact of He® atoms on an Al(111) surface under a grazing angle
of incidence of @;,, = 1.9°. As outlined already above, the reliable measurement
of total yields of 10~ and lower is a prerequisite for performing those studies.
We stress that the maximum yields shown in the plot amount to 4 percent
only. Near threshold the total yields can be fitted fairly well by a quadratic
dependence on velocity. From the fit a threshold velocity vy, = 0.112 a.u.
is obtained which is clearly larger than the value estimated in the previous
section for bulk properties of Al (vy, = 0.088 a.u.). The value of vy, derived
from the experiment corresponds to collisions with electrons of velocity of
about 0.65 vp. This corresponds to an effective electron density of 25 percent
of the bulk value as present at a distance of about 3 a.u. in front of the topmost
layer of surface atoms. Therefore the enhanced classical threshold is ascribed
to grazing surface collisions, where projectiles are specularly reflected with a
distance of closest approach in front of the surface plane. This feature of the
collision geometry can be made use of in detailed studies on the distribution
of Fermi momenta in the selvedge of metal surfaces.

In the inset of Fig. 4.15 the yields near the classical threshold are plotted
on an enlarged scale (maximum 2 - 1073). We find small fractions of emitted
electrons above the fit curve. These yields are attributed to collisions of pro-
jectiles with imperfections of the target surface (primarily steps terminating
terraces formed by surface atoms). Then projectiles perform close encounter
collisions with the target and probe regions of higher electron densities, i.e.
close to bulk values. The data shown at the enlarged scale is indeed consistent
with vy, calculated for bulk parameters of the electron gas.
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Fig. 4.15. Total electron yields as function of projectile velocity for He® atoms (full
circles) scattered from Al(111) under 1.9°. Solid curve: fit to quadratic threshold
law. Inset: vertical scale enlarged by factor of 20

In a more detailed study on the threshold behaviour, the variation of
the projectile velocity for different angles of incidence leads to trajectories
which probe the largest momenta of conduction electrons at different distances
from the surface. One expects to find smaller Fermi momenta for increasing
distances from the surface, resulting according to eq. (4.9) in enhanced wvg,.
This feature is observed in experiments performed for different @;,,.

In Fig. 4.16 we show a study on total electron yields for He® atoms scat-
tered from Al(111) under @, = 2.2° and P;, = 5.5° [44]. Note that for a
quadratic threshold law a plot of the square root of « vs. projectile velocity
gives a linear dependence which can easily be analyzed concerning the kinetic
threshold (see also “Fowler-plot” for analysis of work function from photo
emission near threshold [45]). The plots in Fig. 4.16 are consistent with a lin-
ear dependence and reveal for the two angles very different velocities for the
onset of electron emission.

Under the assumption that the dispersion for large electron momenta can
be approximated by Eyayx = k2,,./2 (in bulk: Ey.. = Er) one derives from
eq. (4.9)

kmax = (W — 208,) / 2vm, (4.10)

From the work function W of the target and the measured threshold ve-
locity, the maximum electronic momenta are obtained as plotted in Fig. 4.17
as function of distance from the topmost layer of surface atoms. The distance
of closest approach is deduced from experiments on rainbow scattering under
axial surface channeling conditions [46]. The curves in the figure represent sim-
ple estimates on the maximum momentum of electrons parallel to the surface
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Fig. 4.17. Maximum of electron momentum as function of distance from surface for
scattering of He® atoms from Al(111) (full circles), Al(110) (open circles), Cu(111)
(full squares) [44]

in the effective surface potential according to k2. /2 = k% /2 — k2 /2 with k,
being the component of momentum normal to the surface plane.

This simple estimate is fairly consistent with the experimental data and in
accord with features expected from the electronic structure of the different tar-
get surfaces. For example, the momenta for Cu(111) (full squares) compared
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to A1(111) (full circles) are systematically smaller owing to the smaller Fermi
energy /momentum in copper. The clear-cut shift of the momenta for Al(111)
and Al(110) is consistent with the shift of the reference plane (“jellium edge”)
between the two different faces of the crystal. The effective electronic sur-
face potential Vi ¢(z) derived from this work is in fair agreement with the
description of this barrier from density functional theory [47, 48] and LEED
fine structure analysis [49].The data shown in Fig. 4.17 can be considered as a
demonstration of electron momentum spectroscopy (EMS) — well established
within the bulk in terms of (e, 2e) high energy electron scattering [50] — in the
selvedge of metal surfaces. A more detailed discussion on this topic can be
found in the contribution of Lemell and Burgdérfer in Chap. 1 of this book.

The energy loss spectra displayed in Fig. 4.18 are recorded for 3 keV He®
atoms scattered from a Cu(111) surface under @;, = 2.35°. Inspection of the
spectra coincident with the emission of no (full squares) and no electron (open
circles) indicates a small but defined energy shift. This shift is interpreted as
the additional energy needed to excite an electron to vacuum energies. Since
the electron yields are still small in this energy/velocity regime, it is also
evident from this data that most of the projectile energy loss is dissipated in
terms of collisions with an energy transfer in the sub-eV domain. Therefore the
energy difference between the two peaks in the spectrum shown in Fig. 4.18
can be directly related to the mean excitation energy of electrons emitted to
vacuum.

a0000F ' ' 2.97 keV He® - Cu(111)
s o o =2.35° 7800
B
30000 |- J | '\OO\
) | ¢ "o 4600
1= | Ie} \ 3]
=] . \ 0 S
8 [d %% 3
| $ "
L7 .
' "
10000 - J i LIRS 4200
/ O m O
- L QDCI;D
SO
o \
0 m 1 " 1 1 O
0 50 100 150

energy loss (eV)

Fig. 4.18. Energy loss spectra coincident with emission of no electron (full squares)
and one electron (open circles) for scattering of 3 keV He® atoms from Cu(111)
under &;, = 2.35°
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In Fig. 4.19 we show the difference of the mean energy loss AFE related to
the emission of no and one electron for He atoms scattered from an Al(111)
surface as function of projectile energy. Near the threshold for KE (Ey, =~
1 keV) the energy transfer AE, is close to the work function of the target
(W = 4.29 V) and increases with increasing projectile energy. The solid
curve represents calculations based on the phase space for occupied and empty
electronic metal states and their energies in the model of the shifted Fermi
sphere [43]. The agreement with the data is fairly good. The energy transfer
of about 5 eV is small compared to the overall energy loss of projectiles which
amounts to about 50 eV at 2 keV. In the near threshold region total electron
yields are 1 percent so that less than one per mille of the energy dissipated in
the metal results in the emission of electrons.

In Fig. 4.20 we show the ratio YAE,/AFE as function of projectile energy.
This ratio is equivalent to the fraction of energy loss leading to KE. The plot
indicates that this ratio is generally small. From very small values near thresh-
old it seems to saturate at about 0.1 at higher projectile energies/velocities.
These results show that for atomic collisions with conduction electrons the
majority of electronic excitations lead to a heating of the electron gas, i.e. the
production of so called hot electrons, and only a minor fraction of electrons
is ejected to vacuum.

In more detail, the electronic excitations can be understood in the frame-
work of atom-electron collisions. In Figs. 4.21 and 4.22 experimental and sim-
ulated energy loss spectra are shown for 12 keV Ar atoms scattered from an
Al(111) surface. Similar as for He® projectiles (cf. Figs. 4.18 and 4.19), a de-
fined small energy shift of some eV between the spectra coincident with the
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Fig. 4.21. Energy loss spectra for scattering of 12 keV Ar° atoms from Al(111)
under @i, = 2.2° coincident with emission of no (open circles) and one electron (full
circles). Curves are drawn to guide the eye

emission of no (open circles) and one electron (full circles) is observed. In com-
puter simulations one can demonstrate that the origin of this shift is based on
the clearly larger energy transfer related to KE compared to more probable
weak excitations of the electron gas. In the projectile restframe one obtains
for collisions of electrons with free Ar atoms from phase shifts [51] differen-
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Fig. 4.22. Simulated energy loss spectra for collisions of Ar atoms with free electron
gas using cross sections from electron-atom collisions. Open circles: events without
electron in vacuum; full circles: events with one electron in vacuum

tial cross sections as function of scattering angle as shown in Fig. 4.23. The
energy transfer from projectiles with vpr0; = 0.11 a.u. (corresponds to an elec-
tron energy in the projectile rest frame of about 15 eV) shows a pronounced
dependence on angle and exceeds only close to backscattering the energy for
emission to vacuum, i.e. the kinetic energy (dashed curve in Fig. 4.23) is larger
than Er + W = 14.9 eV.

For a trajectory equivalent to 70 effective collisions, the probability for
scattering under a specific scattering angle and the corresponding elastic en-
ergy transfer is taken from the data shown in Fig. 4.23. The energy loss in
individual events for Fermi electrons is summed up over complete trajectories
and plotted as total energy loss in Fig. 4.22 (open circles). Electron emission
proceeds only for a sufficient energy transfer, where electron transport in bulk
and through the interface is estimated by the assumption that about one out
of 60 electrons reaches vacuum. The full circles show a spectrum coincident
with the emission of one electron. The dashed curve represents the energy
loss without emission of an electron plus maximum energy transfer. The sim-
ulation shows that the energy shift of the two spectra is close to the energy
needed for the emission of a single electron. In view of the simple model the
description of the energy loss spectra is fairly good.

The non-monotonic behaviour of the differential cross section with scatter-
ing angle in Fig. 4.23 is a pure quantum mechanical effect (relevant de Broglie
wavelength is comparable with range of screened atomic potential). As a result
one finds dominant forward but also backward scattering, where a substan-
tial energy transfer is only achieved for backward scattering (cf. Fig. 4.23).
It is this specific quantum mechanical feature which makes the description
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Fig. 4.23. Differential cross section (black solid curve) and energy transfer (red/grey
solid curve) for collisions of 15 eV electron with Ar atom. Dashed curve: electron
energy after collision

of threshold phenomena for KE from metals by the simple classical binary
encounter model outlined above quite successful.

KE from Metal Surfaces Below the Classical Threshold

In the studies on threshold phenomena for KE induced by impact of light
atoms on metal surfaces, the classical threshold velocity deduced for electronic
properties of the bulk is found as lower limit for large angle impact. In general,
the threshold velocities for KE during grazing collisions are larger than this
limit. For impact of heavier noble gas atoms (Ne and Ar) small but significant
fractions of emitted electrons are observed below vy, calculated from eq. (4.9)
for the specific scattering conditions. As an example, we present in Fig. 4.24 a
plot of the square root of total electron yields as function of projectile velocity
for scattering of Ne® atoms (open circles) and Ar® atoms (full circles) from
Al(111) under &;, = 1.8° [53]. The dashed curve is the behaviour expected
from the model outlined above. The plot indicates that electron emission takes
place below the classical limit vyy,.

This subthreshold emission is interpreted by the realistic band structure
at the surface where enhanced momenta of Fermi electrons result in lower
projectile velocities for KE. This shows the sensitivity of the data to the mo-
mentum distribution (Compton profile) of the electron gas in front of the
surface and is different from e-2e-studies with high energy electrons where the
momentum distributions in atoms or within the bulk of solids is probed [52].
A model calculation on this problem represents the solid curve in Fig. 4.24
which is in accord with the dependence found in the experiment [53]. An im-
portant input for this calculation is the differential cross section for elastic
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Fig. 4.24. Square root of total electron yield as function of projectile velocity
for scattering of Ne (open circles) and Ar (full circles) atoms from Al(111) under
b, = 1.8°

electron-atom scattering. These cross sections differ by a factor of about 4
for scattering from Ne® and Ar° atoms which is also observed for the mea-
sured total electron yields (yields for Ne are multiplied by factor of 4 in the
plot shown in Fig. 4.24). For He atoms the corresponding cross sections are
clearly smaller so that a subthreshold emission of electrons falls into the de-
tection limit of the experimental method and is not observed in studies on
the threshold behaviour of KE described in the previous section.

In Fig. 4.25 we show coincident energy loss spectra for 5 keV Ar® scat-
tered from Al(111) under &;, = 2.2°. The projectile velocity amounts to
vp = 0.071 a.u. which is below the classical threshold even for choosing bulk
parameters. The total electron yield is still about 1 percent so that one can
record spectra coincident with the emission of an electron. The solid curve
in Fig. 4.25 represents a smoothing of data for the zero electron spectrum
and the dashed curve is the same curve shifted by the work function of the
Al(111) target (W = 4.3 eV). The data for the one electron spectrum reveals
an energy shift less than the full work function, however, more than one half of
this energy. This experimental finding points to an alternative interpretation
of data where the emission of electrons below its classical threshold might
proceed via the Auger decay of two spatially correlated excited conduction
electrons (“hot electrons”). At present this process is still matter of debate.
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Fig. 4.25. Energy loss spectra for scattering of 5 keV Ar° atoms from Al(111)
under @i, = 2.2° coincident with emission of no (open circles) and one electron
(full circles). Solid curve: Smoothed curve through data for emission of no electron;
dashed curve: solid curve shifted by workfunction of Al(111) (W = 4.3 eV) towards
larger energy loss

KE from Metal Surfaces Via Electron Promotion

In studies on KE discussed so far the projectile energy and the angle of in-
cidence were chosen in a way that the energy for the motion normal to the
surface was sufficiently small to avoid collisions of atomic projectiles with
atoms of the crystal lattice under smaller impact parameters, i.e. trajectories
with distance of closest approach smaller than about 1.5 a.u. For He® atoms
scattered from Al(111) this is met for normal energies smaller than about
20 eV. This feature is demonstrated in Fig. 4.26 for the mean energy transfer
to emitted electrons (energy difference in spectra for emission of no and one
electron) as function of projectile energy for different angles of incidence [54].
The solid curve represents calculations on the energy transfer using the bi-
nary encounter model outlined above. The data for the smallest angle is in fair
agreement with the theoretical estimate, whereas for increasing angle of inci-
dence deviations from the curve can be found at decreasing projectile energy.
Inspection of data reveals that the deviation from the theoretical curve sets
in at a normal energy close to 20 eV. Then projectiles interact at sufficiently
small impact parameters for emission of electrons to vacuum via electron pro-
motion of transient molecular orbitals.

Energy loss spectra for 5 keV Ne® atoms scattered from Al(111) under
®;,, = 5.5° are diplayed in Fig. 4.27. The energy for the normal motion of
projectiles E, = E, sin?®;, = 46 eV exceeds the energy limit for the onset of
promotion processes of 20 eV. The spectra coincident with the emission of no
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and one electron reveal a pronounced shift of about 35 eV which is attributed
to electron emission via promotion of the 4 fo orbital for the Ne-Al system [55].
A fraction of events related to electron emission without promotion can be ob-
served also in the spectra, and allows one to quantify the contributions owing
to promotion in the electron emission process. We note that electron promo-
tion takes place preferentially at smaller impact parameter. Then the transfer
of projectile energy to the crystal lattice is enhanced and has to be taken into
account in the analysis of data in terms of computer simulations [54]. Impor-
tant issue of such studies is the quantitative information on the contributions
of electron promotion compared to the overall emission of electrons.

Dependence of KE on Azimuthal Orientation of the Target Surface

Collisions of fast atoms with surfaces under a grazing angle of incidence take
place in the regime of surface channeling. If projectiles are scattered in low
index directions of the surface plane, scattering proceeds along strings of atoms
in terms of axial surface channeling. In comparison to planar channeling for a
“random” azimuthal orientation of the target surface, projectiles are scattered
in a potential with cylindrical symmetry and have an enhanced probability
to reach the subsurface region. Then projectiles interact with an electron gas
of higher electron density than in the selvedge and interact with the solid in
terms of longer trajectories. This leads to larger KE yields for axial surface
channeling.

The effect can be demonstrated by recording the (uncompensated) target
current to ground during azimuthal rotation of the target surface. As an ex-
ample, we display in Fig. 4.28 the target current as function of the azimuthal
angle for scattering of 16 keV He® atoms from an Al(111) surface, where the
low index directions of the hexagonal structure of the (111) face are clearly
identified [56]. In passing we note that this technique allows one during the
preparation of the target surface via sputtering with, e.g., ArT ions to monitor
the quality of the target surface [13]. In most cases, the relative intensities of
the peak structures of the target current increase with improvements in the
quality of the surface.

An even more attractive application of this effect lies in the information
on the surface geometrical structure inherent in the requirement of scattering
along ordered strings of atoms in the surface plane. This allows one to apply
concepts of triangulation in order to derive the surface structure in real space
and in-situ. Such information is particularly valuable for the structure of ul-
trathin films during epitaxial growth on mono-crystalline substrates, where
often complex arrangements of surface atoms in terms of super-structures
are present. It turns out that this variant of ion-beam triangulation [57] is
a powerful method to explore the surface structure with respect to the lat-
eral arrangements of surface atoms. The technique is fairly complementary to
the analysis based on detailed LEED studies [58] which is very sensitive to
transversal arrangements of surface atoms.
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Fig. 4.28. Target current as function of azimuthal angle for scattering of 16 keV
He™ ions from Al(111) under ®;, = 1.9° [56]

For applications of the ion beam triangulation method to the structure of
ultrathin films it is of advantage to detect the electrons with high sensitivity
using a SBD instead of the target current. Then only some 1000 atoms per
second are scattered from the target, equivalent to an ion current in the sub-
fA regime, and radiation damage of the surface structure can be excluded. In
Fig. 4.29 we show pulse height spectra of a SBD biased to 25 kV for collisions
of 29 keV H° atoms with a clean and flat Cu(001) surface under &;, = 1.5°
which show a pronounced dependence on the azimuthal orientation of the
target surface. The data reveals a pronounced increase of events related to
the emission of a higher number of electrons for scattering along a low index
direction owing to the penetration of projectiles into subsurface layers. As a
result the number of events from scattering above the surface plane is reduced.
Selection of these events by appropriate settings of discriminator levels allows
one to monitor such events with high sensitivity to the surface layer. Since the
total electron yield is sufficiently large here, the probability for emission of at
least one electron is close to one and the data can be efficiently normalized to
the overall SBD count rate [59].

Mn atoms expitaxially grown on a Cu(001) surface shows rich variety of
complex superstructures depending on thickness and temperature of the ultra-
thin film [60]. In Fig. 4.30 we show triangulation curves using the normalized
SBD signal for the emission of one to three electrons (cf. Fig. 4.29). For the
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clean Cu(001) surface one finds the prominent low index directions of a simple
fce lattice. Growth of 1 ML Mn on the Cu(001) substrate leads to a differ-
ent dependence of the signal on azimuthal angle. In particular, the promi-
nent dip for scattering along [11] on the clean substrate at 45° completely
disappears and most dips show specific shifts. This behaviour demonstrates
the high sensitivity of the method to the structure at the surface. Curves as
displayed in Fig. 4.30 can be analyzed in terms of computer simulations of
trajectories where the penetration into the subsurface layer holds as criterion
for the enhanced number of emitted electrons. Then the fractions of subsur-
face trajectories are directly related to the dips in the triangulations curves.
The power of the method lies in direct and very sensitive tests of proposed
structures for the film structure. For the case presented in Fig. 4.30 a (8 x 2)
structure was proposed from the analysis of LEED data. The triangulation
curve is, however, in conflict with such a structure, whereas the simulations
are in good agreement with the experiment, if a (10x2) structure is assumed.
A substantial potential of ion beam triangulation performed via the detection
of KE in studies on structures of ultrathin films can be stated. The method
is particularly sensitive to lateral positions of atoms in the topmost layer of a
clean surface or ultrathin film.

Dependence of KE for Grazing Ion Surface Scattering
on Surface Morphology

The total electron yield depends on the morphology of the target surface. For a
“rough” surface violent binary encounter with atoms forming defect structures
at the surface will occur and result in an enhanced probability for the emission
of electrons. This effect plays an important role for grazing surface scattering,
where projectiles probe the surface over a considerable length scale. Recently
is has been shown that the variation of KE with surface morphology can be
used to monitor epitaxial growth of ultrathin films [61].

In Fig. 4.31 we show results from studies on growth at room temperature
of a Co film on a Cu(001) surface. In the experiments 25 keV HT ions (dashed
curve), He™ ions (solid curves), and N ions (dotted curve) are scattered from
the film surface under @;, = 1.6°. The upper curves represent the intensities
of electrons emitted with an energy of 145 eV, the lower curve is the intensity
of specularly reflected He™ ions. The data demonstrate that the variation of
the surface morphology leads to growth oscillations of the intensity of emitted
electrons which allow one to monitor and to study the growth of ultrathin
films. In this respect the data is similar to oscillations observed via RHEED
or the intensity of specularly reflected ions. For scattering of Het ions the
oscillations of the electron intensities are quite prominent. A detailed under-
standing of the processes underlying the observations in Fig. 4.31 has not been
worked out so far. However, it is obvious that whenever the surface structure
shows a minimum of defects, the yields for KE are reduced accordingly. In
passing we note that such growth oscillations are also detected for the overall
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electron emission observed with a SBD or measurement of the target current.
The latter method provides a simple tool to monitor growth of ultrathin films,
since only an ion gun and a current meter is needed.

Diffraction of Electrons Emitted During Grazing Ion Surface
Scattering

In recent years considerable interest was devoted to studies on the role of
plasmons for the emission of electrons during impact of singly and multiply
charged ions on metal surfaces [62-65]. For a discussion we refer to detailed
treatments of this topic in this book. A key issue of the problem is the ob-
servation of structures in electron spectra after impact of slow ions on metal
surfaces. Since these spectral features appear at electron energies which cor-
respond to the decay of surface and bulk plasmons, collective excitations of
the electron gas, the experiments were interpreted in terms of such a process.
Different mechanisms were proposed to overcome for excitation via impact
of atomic projectiles the missing momentum transfer based on the dispersion
relation for plasmon excitation [6]. Energy shifts of the electron energy ob-
served for a variation of the observation angle were explained by effects of
momentum matching with the crystal lattice [66].

An important development in the explanation of the observed effects, in
particular the spectral features observed for impact of H™ ions on an Al
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Fig. 4.32. Electron spectra for scattering of 5 keV H* ions scattered from Al(111)
and polycrystalline Al under &;, = ¥ = 5° for different angles of observation «. For
definition of angles see inset

surface, was a study by Eder et al. shown in Fig. 4.32 [65]. The spectra for
impact of 5 keV H" ions on an Al(111) and on a polycrystalline Al surface
under an angle of incidence @3, = ¥ = 5° are recorded for different angle
of observation (see inset of Fig. 4.32). Striking feature are peaked structures
for the monocrystalline Al(111) target which are completely missing in the
spectrum for the polycrystalline sample (see also contribution of Aumayr and
Winter in Chap. 3).

This observation makes the interpretation of the peaked structures in the
spectra for the monocrystalline target in terms of plasmon excitation and
subsequent decay rather unlikely. The authors concluded that possibly elec-
tron diffraction effects — well established for low energy electron scattering
from surfaces (LEED) — is the origin of the experimental finding. Niehaus and
coworkers [62] reanalyzed former electron spectra [66] in terms of a consistent
interpretation of spectra based on electron diffraction at the topmost layer of
surface atoms.

A direct demonstration of electron diffraction induced by impact of atomic
projectiles has been recently presented by Bernhard et al. [67]. In case electron
diffraction plays a noticeable role for KE of electrons, then diffraction pattern
in terms of intensity spots in the angular distributions of scattered electron
should be found (similar to spots observed in LEED). In Fig. 4.33 we show an
intensity plot for electrons emitted in direction normal to the target surface
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Fig. 4.33. Difference of intensity distributions for electrons recorded for energy cut
offs of 52 eV and 57 eV with a SPALEED system for scattering of 25 keV H™ ions
from Cu(001) under ®;, = 1.6° along (100). Arrow denotes direction of incident
beam

for scattering of 25 keV H* ions from Cu(001) under @;, = 1.6°. The arrow
denotes the direction of the incident projectile beam along the (100) direction
of the (001) face of the target surface and its tip the direction normal to the
surface. The data shown in Fig. 4.33 are recorded with a scanning LEED sys-
tem (Spot Profile Analysis LEED, SPALEED [68]) operated in a dispersive
mode (difference of data sets recorded with pass energies of 52 eV and 57
eV). The intensity pattern shows a prominent peak for scattering at 10° in
forward direction with respect to the surface normal. Using a modified Ewald
sphere construction scheme of the reciprocal lattice, the diffraction peak can
be ascribed to the (11) spot. In Fig. 4.34 we show results from similar studies
performed with 30 keV H* and 25 keV He™ ions for different azimuthal di-
rections of the incident projectile beam and different final electron energies.
The spot positions are in good agreement with the predictions from the Ewald
construction which provides unequivocal evidence for the presence of electron
diffraction.

An important consequence of the presence of diffraction effects on the
spatial distribution of emitted electron is the modification of angular and
energy distributions. This is evident from spectral features in electron spectra
which have been (re)analyzed in term of electron diffraction effects [62] and
from spectra obtained with 25 keV H* ions shown in Fig. 4.35. The energy
spectra in Fig. 4.35 are recorded along a direction tilted by 12° with respect
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Fig. 4.35. Electron spectra for scattering of 25 keV H ions scattered from Cu(001)
under @;, = 1.6° for different azimuthal orientations of the target surface

to the surface normal, this is for about 60 eV electrons the direction of the
(11) spot for scattering along (100). The strong variation of the spectrum
with the azimuthal orientation of the target is a good demonstration, how
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strong diffraction effects can affect energy spectra of electrons emitted from
the surface of a monocrystalline target. Therefore a thorough inspection of the
scattering geometry has to be performed in order to possibly exclude those
effects on the shape of energy spectra and to avoid misinterpretations of data.

4.4 Conclusions

We have demonstrated that the coincident combination of translation energy
spectroscopy with the number of emitted electrons allows one to obtain de-
tailed information on the electronic excitation and emission mechanisms for
grazing impact of atomic projectiles on solid surfaces. The application of this
method to the scattering of hydrogen atoms from a LiF surface (wide-bad-
gap insulator) has led to a basic understanding of the interaction processes for
electron emission, internal excitations of the target (surface excitons), and for-
mation of negative ions. Basic feature is the (transient) formation of negative
ions in local capture events of electrons from anion sites as dominant precur-
sor for the electronic excitations. Furthermore, the wide band gap will affect
transport of electrons within the bulk and at the surface of ionic crystals.

This interaction mechanism is clearly different from the transfer of projec-
tile energy in direct atom-electron encounters which is the dominant mecha-
nism for electron emission from metal surfaces near threshold. The efficient
mechanism of formation of transient negative ions in atomic collisions with
insulator surfaces provides a straightforward explanation for higher total elec-
tron yields observed for insulator compared to metal targets.
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Spin Polarization of Electrons Emitted
in the Neutralization of Het Ions in Solids

M. Alducin, J. I. Juaristi, R. Diez Muino, M. Résler, and P. M. Echenique

5.1 Introduction

In the last years, a large amount of experimental work has been devoted
to study spin effects in the interaction of atomic particles with metal sur-
faces [1-22]. Apart of its fundamental interest there has been a growing use of
different atom/ion—scattering techniques aimed to probe magnetic phenom-
ena at surfaces and thin films. The singularity of ion-scattering experiments,
as compared with methods based on electron beams or photons, lies on its
extreme surface sensitivity: by a suitable choice of the projectile normal en-
ergy one can gain information on electronic properties specific to the region
of the target topmost layer. This is typically achieved by using atoms with
thermal energies [23] or grazing incidence ion-scattering [24, 25]. Informa-
tion on magnetic properties is extracted by analyzing the products (electrons,
photons) resulting from the projectile-surface interaction. Next, we provide a
brief description of the most common of these techniques.

In electron capture spectroscopy (ECS), ions are scattered from a magne-
tized target and capture surface electrons into atomic states of the projec-
tile. The captured electrons bring information on the spin polarization of the
probed region. In early studies of Rau et al. [1, 3], the projectiles used were
DT ions. During the interaction with the magnetic surface, the ions capture
electrons from the substrate and neutralize. The formed D° atoms are next
directed to a tritium target, inducing a nuclear reaction in which *He particles
are emitted. The spin polarization of the captured electrons is derived from
the analysis of these “He particles. In present ECS, electrons are captured
into atomic excited states and the spin polarization is studied by analysing
the polarized light emitted during the decay of the excited atom [5, 6, 10-12].
A further development of this technique is the multiple electron capture spec-
troscopy (MECS) [22], which uses the characteristic electron emission of hol-
low atoms [26] produced during the interaction of the highly charged projec-
tiles with surfaces. The advantage of this new method is that the number

M. Alducin et al.: Spin Polarization of Electrons Emitted in the Neutralization of Het Ions
in Solids, STMP 225, 153-183 (2007)
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of electrons removed from the surface well exceeds the initial charge state of
the incoming ion. This feature allows a more efficient sampling of the surface
electron density in contrast to the traditional singly ECS.

After the pioneering work conducted at Rice University [2, 7, 8], spin polar-
ized metastable-atom deexcitation spectroscopy (SPMDS) has been established
as a robust technique that can be adapted to explore different aspects related
to surface and thin film magnetism: variations of the spin polarization of the
surface electrons upon adsorbate and film deposition [8, 13, 18, 20], detec-
tion of out-of-plane magnetization [19], etc. In the SPMDS, metastable noble
atoms (typically He* in the 229 triplet state) with thermal kinetic energies de-
excite to the ground state due to their interaction with the surface. Electrons
emitted in this decaying process are then detected and analyzed. From a the-
oretical point of view the quantitative description of the deexcitation process
is a difficult task since it may involve different charge-exchange mechanisms.
A crucial point that determines which approximations are adequate to model
a certain experiment is the distance at which the charge-exchange process is
taking place. At sufficient large distances where the projectile-surface interac-
tion is weak enough to neglect the induced perturbation, the charge-exchange
process can be treated using the non-interacting projectile and target states.
Under these conditions, the deexcitation mechanism is determined, in a naive
picture, by the relation between the ionization potential of the metastable
atom IP and the surface work function ¢. If IP < ¢, the excited atomic elec-
tron tunnels into an unoccupied state of the target (resonant ionization RI),
and next the He™ ion is neutralized by an Auger process AN. In this process,
an electron from the conduction band decays to the empty bound state of
the ion, whereas another electron is excited and, if possible, ejected from the
target. If IP > ¢, the RI step is forbidden and deexcitation occurs via an
indirect Auger deexcitation process (AD) in which a continuum electron oc-
cupies the empty 1s state and the 2s electron is excited to the continuum.'
However, the above picture is no longer valid for those experimental situations
in which the neutralization occurs near the surface. The interaction is then
so strong that the projectile and the target cannot be treated separately. The
electronic states have to be calculated for the entire projectile-target system
and the concept of a excited bound state associated only to the projectile, in
resonance with the continuum states of the target is misleading. The mech-
anism taking place consists in that initially there is an empty bound state
in the system and this state is filled by an electron from the continuum of
the projectile-target system. The distinction between AN and AD processes
is thus meaningless. This point will be discussed in more detail in Sect. 5.3.

Parallel to the first experiments performed by Onellion et al. [2] that es-
tablished the basis for SPMDS, Kirschner et al. [4] used noble-gas ions to

! The different charge exchange processes that may take place under these circum-
stances (i.e., weak projectile-target perturbation) are schematically represented
in Fig. 3.1
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obtain a ‘magnetic sputter depth profile’ of the Fe(110) surface. Thenceforth,
spin-polarized electron emission induced by a variety of singly- and multi—
charged ions has been widely applied to investigate spin effects and/or mag-
netic properties [15-17, 21]. Under certain experimental conditions, both ki-
netic and potential emission? are observed [4, 15-17]. The coexistence of both
may sometimes make difficult the analysis and interpretation of the measured
data. Detailed descriptions of KE and PE can be found in the contribution by
H. Winter for the former and the contribution by F. Aumayr and HP. Winter
for the latter. The conditions and recent experimental advances achieved to
separate KE of PE in the measured data are also discussed in those chapters.

In all these techniques based on electron emission analysis, low velocity
He™ ions and He* metastable atoms are among the most used projectiles [2,
7-9, 14, 18-21]. On the one hand, there is only potential emission and, on
the other hand, the absence of resonant electron capture processes from the
metal valence band to the 1s bound state of the incident particles simplify the
charge-exchange process. Both features contribute to a better understanding
of the experiments.

Spin effects in this kind of processes are studied by using magnetic surfaces
or/and spin polarized incident projectiles. The measured magnitudes are typi-
cally the spin polarization of emitted electrons and the asymmetry parameter,
which indicates how the total number of emitted electrons depends on the po-
larization of the incoming particle. Only in the case of magnetic surfaces, the
asymmetry factor is a useful parameter. For pure paramagnetic substrates, it
is zero.

Frequently, the information obtained in this kind of experiments is an-
alyzed by paying attention uniquely to the characteristics of the Auger
processes in front of the surface. In many cases, this represents an oversimplifi-
cation of the experimental situation, if one wants to understand the measured
spectra of emitted electrons. For instance, a positive asymmetry parameter
is measured in the interaction of spin-polarized He atoms with magnetic sur-
faces [2, 8, 9, 18-20]. This means that the total number of emitted electrons
is larger when the spin polarization of the projectile is parallel to the spin
direction of the target majority electrons than when it is antiparallel. Think-
ing in terms of the Auger process, this can be understood by considering that
the target minority-spin electrons predominate in the surface region. In such
a case, one would expect that the spin polarization of emitted electrons were
also of the minority kind: if there were more spin-minority electrons in the
surface region where the Auger process takes place, it would be easier to excite
(and emit) this kind of electrons. Nevertheless, experimental measurements
show that the spin polarization of emitted electrons is always of the majority

2 Induced electron emission is traditionally separated in kinetic electron emission
(KE) and potential electron emission (PE) depending on whether the ejected
electrons are excited by transferring kinetic or potential energy (i.e. by charge-
exchange processes) from the incident projectile (see Chaps. 3 and 4).
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kind [8]. This apparent contradiction shows that apart of the Auger process,
further mechanisms, such as the creation of a cascade of secondary electrons
due to electron—electron scattering processes at the surface, are necessarily
involved.

Therefore, a proper characterization of the spectra of emitted electrons
measured in this kind of experiments has to include all these basic ingredients:
(i) the perturbation induced by the surface/projectile interaction, (ii) the
description of the Auger neutralization (or deexcitation) process, which is
the mechanism responsible for electron excitation, and (iii) the study of the
transport mechanism, i.e., electron—electron scattering processes that modify
the initial distribution of excited electrons and induce a cascade of secondaries.
A theoretical analysis of all these processes for the case of magnetic surfaces
represents a formidable task that, up to our knowledge, has not been fully
addressed yet.

Spin effects have been also investigated in different paramagnetic surfaces.
In this chapter it will be shown how also in this case the inclusion of the
three mentioned ingredients turns out to be crucial in order to understand
the spectra of emitted electrons.

There exist recent measurements of the spin polarization of emitted elec-
trons, when spin-polarized He™ ions are incident on paramagnetic surfaces [14,
21]. In these experiments energy distributions and energy resolved spin polar-
ization of the electrons emitted during the neutralization process are measured
for clean Al (001), Au (001), and Cu (001) surfaces. The incident ion energies
are in the range 10-500 eV. In this energy regime, any contribution from ki-
netic electron emission can be disregarded and the electronic excitation can be
strictly associated to the Auger neutralization of the He™ projectile. The spin
polarization of the total ejected electrons is ~30% in all the probed surfaces
and is larger for those electrons emitted at the highest energies. Only very
recently these measurements have been explained in quantitative terms [27].

An important characteristic of these experiments is related to the esti-
mated effective distances at which the incident particles are neutralized. The
neutralization distance, defined as the atom/surface separation at which the
number of surviving He™ ions is one half of the incident flux, can be estimated
from the theoretical Auger neutralization rate values [28-30] and the exper-
imental values of the perpendicular component of the incident ion velocity.
In this way, it was concluded that neutralization should occur at ~2-3 a.u.
(atomic units) from the topmost atomic layer, i.e., close to the jellium edge,
which is located around 2 a.u. As explained above, at these distances the
perturbation induced by the projectile is so strong that a simple description
of the problem in which the projectile and the surface are treated separately
is no longer justified. The ion/surface system has to be modeled as a whole.
Under these conditions, the traditional picture that distinguishes between the
AD and AN processes is hardly justified.

In this chapter we review recent theoretical studies [27, 31-35] of the
electron emission induced by a HeT ion embedded in a free electron gas
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(FEG). Within this approximation, the model incorporates all the stages of
the emission process (steps (i), (ii), and (iii)) and allows to analyze separately
their contribution to the spin polarization of the electron spectra. This model
has been successfully applied to explain in quantitative terms the main ex-
perimental findings of [14, 21]. The key point to understand the success of a
model based on a bulk description of the problem is the experimental neutral-
ization distances (2-3 a.u. from the topmost atomic layer). At these distances
the relative electron density variations are small, and a local model based on
a uniform background density should provide a meaningful description of the
problem.

The outline of this chapter is as follows. Section 5.2 is devoted to a de-
tailed analysis of the screening of a He™ ion in the embedding medium. Since
the He™ ion constitutes a spin-polarized object, special attention will be paid
to the spin polarization of the induced density screening cloud. This study is
important at least for two reasons. First, previous studies have shown that
for small atom surface separations the strong perturbation created in the tar-
get by the projectile has to be taken into account in a proper calculation
of the Auger rates [29, 30, 36]. Second, as in this case the perturbation is
spin-dependent, its influence on the polarization of emitted electrons must be
analyzed. In this respect, some studies have tried to explain the spin polar-
ization of the emission, uniquely in terms of this local “magnetization” of the
target induced by the projectile [14].

The calculation of the Auger neutralization rates for excitation of elec-
trons with spin parallel and antiparallel to that bound to the incoming ion
are described in Sect. 5.3. In these processes, the Coulomb interaction between
the two electrons involved induce the decay of one of these electrons to the
unoccupied bound state of the projectile and the promotion of the other to
an excited continuum state. As a consequence, the Auger rates depend on the
relative spin orientation of the two participating electrons. Since the electron
to be captured has always spin antiparallel to that bound to the projectile, the
spin of the two electrons participating in the Auger process is the same (oppo-
site) for excitation of electrons with spin antiparallel (parallel) to that bound
to the projectile. Hence, this fact will also contribute to the spin polarization
of the emission.

As explained above, a proper characterization of the emitted electron spec-
tra needs to include the modification of the initial distribution of excited
electrons due to electron—electron scattering events. Within the bulk model
reviewed here, this effect is studied in terms of the Boltzmann transport equa-
tion. Section 5.4 is devoted to a detailed analysis of this approach to calculate
the electron transport. Attention is paid to the description of the main in-
gredients of the model, and to how the spin polarization of the emission is
modified by this effect. The connection between the bulk calculations and the
experiments in paramagnetic surfaces will be presented in Sect. 5.5. Finally,
the limitations and lines for future improvements are discussed in Sect. 5.6.
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The section ends up with some comments on the possible extensions to ferro-
magnetic surfaces and the new difficulties that may arise in this case.
Atomic units (a.u.) will be used unless it is otherwise stated.

5.2 Spin-Dependent Screening of a He™ Ion
in a Free Electron Gas

The study of the screening of a point impurity in an electron gas plays a cen-
tral role in the characterization of the interaction of probe-particles with metal
targets. The first approaches to this problem were based on linear response
theory, and studied the effect of improving the description of the dielectric
function [37, 38]. Nevertheless, it was soon realized that a static real charge
represents a strong perturbation for the system, and that nonlinear approaches
are necessary in order to properly characterize the rearrangement of the elec-
tron density it induces [39, 40]. In this respect, density functional theory
(DFT) within the local density approximation (LDA) has been successfully
used to describe the nonlinear screening of heavy impurities in metals [41-43].

For spin-dependent properties, the local spin density (LSD) approxima-
tion is needed [44]. The LSD approximation includes electronic exchange and
correlation effects through approximate functionals, keeping the simplicity of
a one-particle equation with a local potential. The starting point are Kohn—
Sham (KS) equations [45]:

1 . , o
{=572+ et} 10) = ). (5.1
where <pf (r) and Eg are the KS wave functions and eigenvalues respectively.

The index j runs over the two spin components T and |. KS equations are
used to obtain in a self-consistent manner the electron density of the system

n(r):
=Y Y

7=1,l i€occ.

, (5.2)

Pl (r)|

that can be separated in its continuum (n.(r)) and bound (n;(r)) components.
The electron density for just spin-up (spin-down) electrons n'(r) (n!(r)) can
be defined in a similar way by limiting the sum over occupied states to the
required spin component.

For the specific case of a static He™ ion embedded in a paramagnetic FEG,
the effective KS potential v/ (r) is

vgmz——+/@ﬁ&QEEMWMMmam. (5.3)

v —r'|

The first term is the external Coulomb potential created by the He core, the
second term is the electrostatic potential made by the induced density, and the
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third term is the change in the exchange-correlation potential ui.[n(r),((r)]
caused by the impurity,

vhe[n(r), C(r)] = pc[n(r), C(r)] = e [no] (5:4)

The results shown in this review are calculated using the LSD parametrization
of [44]. The potential v [n(r), ((r)] is different for each spin component j. It
is a functional of both the local density n(r) and the local spin polarization

¢(r), defined as
[n!(r) — nt(r)]

)= LTy Tl ()] (55)
The electron density of the unperturbed FEG is denoted by ng, and the cus-
tomary one-electron radius r, is defined from 1/ng = (4/3)mr3.

The KS wave functions ¢} (r) are calculated numerically after expansion
in the spherical harmonics basis set, and the set of KS equations are solved
self-consistently using an iterative procedure. The He™ ion, in which there
is only one bound electron, is modeled by populating just one of the two
bound KS 1s-states of the system (there is one for each spin orientation). By
this procedure, the spin of the electron bound to the projectile is fixed. As a
convention, let us denote in the following the spin orientation of the electron
bound to the He™ ion as up (1) orientation, i.e., ni(r) = 0 whereas ng(r)
integrates to one electron. Therefore, n'(r) is different from n'(r) producing
a local spin polarization ((r) different from zero. As a consequence, the KS
effective potential v/ (r) is different for each spin orientation due to the spin
dependent exchange-correlation terms v, [n(r),((r)]. This implies that also
the continuum part of the screening charge, Ani(r) = ni(r)—no/2, is different
for the two spins. Note that An.(r) = An](r) + Anl(r) integrates to the unit
charge, providing complete screening of the He™ ion. The important point is
that this screening cloud is not spin compensated. Let us remark that the
origin of this local magnetization of the FEG around the He™ ion is the
spin-dependent perturbation that the Het ion represents, and that this spin-
dependent perturbation is introduced in the formalism by populating uniquely
one of the KS bound states.

An important approximation made in this model refers to the description
of the He™ ion. The population of just one of he bound KS states implies that
the KS wave functions are being used in an approximate way as monoelec-
tronic wave functions. This approach has been widely used and successfully
applied to the study of core-electron photoemission [46-48], calculations of
core-hole Auger widths [49, 50], the neutralization via Auger processes of
multicharged ions in metals [51-53], and the charge state dependent energy
loss [54-56] and induced kinetic electron emission when slow multicharged
ions are traveling through metals [57, 58]. Though DFT is only strictly valid
for the ground state of each symmetry, and hence, there is not a rigorous the-
oretical justification to treat excited states with empty core holes within this
scheme, it has been claimed that as much as the core-hole can be treated as
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Fig. 5.1. Radial electron density 72 AnJ(r) induced in the continuum by a He™ ion
embedded in a free electron gas. Different panels correspond to different medium
electron densities. The He™ ion with a spin-up electron is at the origin » = 0. The
induced density with spin parallel to the bound electron An] is shown by solid lines,
and that with spin antiparallel An! by dashed lines

an external potential the method should be physically sound [46]. He™ inside
an electron gas at metallic densities (r = 1.5 — 6) is a case in which this
approach is justified.

Figure 5.1 shows the radial electron density induced in the continuum
r2 Anj(r) by the spin-polarized Het ion embedded in a paramagnetic FEG.
Different panels correspond to different metal-electron densities. The Het ion
with a spin-up bound electron in its 1s state is at the origin, » = 0. In order
to illustrate the effect of the spin-dependent perturbation in the medium, the
induced electron density with spin parallel (An](r)) and antiparallel (Anl(r))
to that of the bound electron are shown separately. Clearly from this figure,
the piling-up of electrons around the He™ ion is a spin-dependent phenom-
enon, particularly for intermediate and low metallic densities (rs > 2). We
observe that close to the bound electron, the screening is preferable due to
electrons of parallel spin (An](r)). This behavior is simply a manifestation of
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the Coulomb interaction and the Pauli principle, in other words, of exchange.
Since the 1s state and the continuum states are well separated in energy and
space, we focus on the effective electron—electron interaction to explain this
effect. Thinking in terms of the mean-field formalism, one can treat short-
range electron correlations by introducing local-field corrections to the bare
Coulomb interaction between electrons. In a paramagnetic FEG, these local-
field corrections depend only on the relative spin of electrons. Therefore, one
should distinguish between two different kinds of effective electron—electron
interactions: V41, the interaction between electrons of parallel spin, and V5|,
the interaction between electrons of opposite spin. For parallel spin electrons,
both the Pauli principle and Coulomb interaction contribute to the creation
of a exchange-correlation hole, reducing the effectiveness of the short-range
part of the Coulomb interaction. For antiparallel spin electrons, however, only
Coulomb correlations contribute to the creation of the hole, and therefore, the
interaction is not so much reduced. As a result, the exchange is typically char-
acterized by a weaker repulsive interaction between electrons of parallel spin,
i.e.,, 0< Vj1 < V4. This allows us to understand the effect observed in Fig. 5.1.
In DFT the correction to the bare Coulomb interaction is incorporated by the
vl .(r) potential. In this respect, Gunnarsson et al. already showed the validity
of the LSD to reproduce the Hund’s first rule for an open-shell atom [44]. For
instance, in case of a metastable He* atom this means that the lowest excited
state is the triplet 235 instead of the singlet 21.S. Here, our results indicate
that the metal electrons participating in the screening of the spin-polarized
He™ ion also follow a kind of Hund’s first rule that favours the alignment of
electron spins, provided the Pauli principle is not violated.

In this respect, it is informative to focus in the integrated induced density
for each spin direction (j =T, |),

Qg =47 /OO dr r? Anz(r) . (5.6)
0

Note that Q] + Q! = 1. The values of Q] for different values of r4 are given in
Table 5.1. At high densities, (rs = 1), the screening is almost equally shared by
the spin-up and spin-down electrons. As the density decreases, the screening
charge is more spin polarized, and it is almost completely dominated by Q!
for small densities such as ry = 5.

Table 5.1. Contribution of Q] to the screening charge around a He™ ion for different
values of the medium electron density. The electron bound to the He™ ion is spin-up

Ts 1 2 3 4 5

Q! 0.57 0.61 0.66 0.75 0.90
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The increasing importance of the spin polarization of the induced den-
sity, as the FEG density decreases, is a consequence of the dependence of
the exchange-correlation energy on the FEG density [59]. At high metallic
densities, exchange-correlation effects are small because the contribution of
the kinetic energy term to the total energy of the system dominates over the
interaction terms. As the electron density decreases, the potential energy be-
comes comparable to the kinetic one, and the exchange effects that favour the
alignment of electron spins are important.

Another quantity of interest that gives information on the characteris-
tics of the screening is the density of states in momentum space induced by
the impurity in the continuum Ap(k). The density of states induced in the
continuum for each spin state (j =1, ) is calculated as follows [53, 60]:

A (k) = %2(21 +1) %5{(1@) (5.7)
l

where k is the electron momentum (e = k?/2), [ is the angular momentum in
a partial-wave expansion, and ] (k) are the phase shifts of the KS radial wave
functions. Figure 5.2 shows Ap' (k) for different electron gas densities. For high
densities, the spin-up and spin-down bands show quite similar dependence on
k. In the region of unoccupied states (k > k), the difference between Ap' (k)
and Ap! (k) is small and keeps an almost constant value. As it is expected, the
spin dependence of Ap(k) is stronger for low densities. The k-structure of both
spin bands are different. A resonance structure peak appears at low densities
and is dominated by the spin-up component. This resonance is originated
by the coupling of the He™ atomic states and the FEG continuum. When
the resonance has a well defined partial wave symmetry it can be associated
with a single electronic state in the gas-phase atom. However, in the case of
He™, there is not a clear connection between the resonance and one single
atomic state: The resonance is basically composed of both s (I = 0) and p
(I = 1) scattering states and it cannot be assigned to a single partial-wave
symmetry [60]. This shows that the excited states are modified due to the
interaction of the projectile with the metal electrons. Such a perturbation is
expected to be also important in the surface region where the electron density
is in the range of values analyzed here. Therefore, the use of a simplified atomic
approach to describe the excited states of the He™ ion in close proximity to the
target surface is unrealistic and misleading. Notice also that the quantitative
difference between Ap'!(k) and Ap!(k) is remarkably strong in the region of
occupied states at low densities, in agreement with the high polarization of
the induced density. In the unoccupied region the difference between both
spin-bands is smaller.

The density of states are compared with those obtained within LDA,
i.e., with a non-spin dependent local density approximation for the exchange
correlation potential. The total density of states is almost unaffected by
the spin-polarized nature of the perturbation at high densities, even though
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Fig. 5.2. Density of states induced in the continuum of a free electron gas by a He™
ion as a function of the electron momentum k. The corresponding value of the Fermi
wavevector kr is indicated by a wertical line in each panel. Thick lines correspond
to the results obtained within the LSD approximation: total Ap(k) are shown by
thick solid lines, Ap' (k) by dash-dotted lines, Ap*(k) by long dashed lines. Thin
lines represent the results obtained by the LDA prescription: total Ap(k) with thin
solid lines and partial Ap' (k) = Apt(k) by dotted lines

the screening is not equally shared between both spins. For lower densities,
the modification of Ap(k) when including spin-effects is slight, and it is mostly
observed in the small shift of the resonance peak to lower k values when the
local spin polarization is taken into account.

As a main result of this section, we want to stress the fact that the He™
ion induces a strong rearrangement of charge in the electron gas, and that the
induced screening charge is spin unbalanced. More precisely, the screening is
preferably due to electrons with spin parallel to that bound to the projectile,
and the effect is more important at low densities. In connection to surface
experiments, this fact should be important for processes that take place in
the vicinity of the metal target (nearby the jellium edge) where the density is
reduced from the bulk value but it is still significative.
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5.3 Auger Neutralization of He™ in Metals

Since the pioneering work of Hagstrum [61], a large amount of theoretical in-
vestigations has been devoted to the study of the Auger processes that take
place in the neutralization of He™ ions interacting with surfaces and to the cal-
culation of the corresponding neutralization-deexcitation rates [28, 30, 62—-68].
These works analyze different aspects of the Auger process for the case of
unpolarized projectiles and nonmagnetic surfaces. As a consequence, a deep
knowledge has been achieved about the value of these rates at large atom-
surface separations, but difficulties arise at typical physisorption distances
due to the strong perturbation represented by the projectile. This problem
was analyzed in great detail in [30] for unpolarized projectiles, i.e., without
including any spin-dependent effect. Spin-dependence in the Auger neutral-
ization rates was included in [69] for the case of a spin-polarized metastable
He* atom in front of the surface. In this work, the influence in the Auger
rate of the exchange process due to the indistinguishability of electrons with
identical spin was analyzed. Nevertheless, the Auger rate was calculated with-
out including the spin-dependent perturbation induced by the projectile that
it has been analyzed in previous section. More recently, the deexcitation of
a metastable 23S He* in front of a Na surface [36] has been studied by in-
cluding both the spin-dependent perturbation induced by the projectile, and
the exchange term in the calculation of the Auger rate. The results show a
strong spin polarization of the Auger rates. The applicability of this model is
limited to projectile distances well above the jellium edge. It cannot be used
to explain experiments with neutralization distances close to the surface, such
as those of [14, 21].

In this section, we present a study of the Auger neutralization of a He™
ion embedded in a FEG. The Auger process is due to the Coulomb interaction
between two electrons in the excited states of the ion-target system. One of
the electrons decays to the empty 1s bound state of the He™ ion, whereas
the second electron is promoted to the continuum. In ion—surface interaction
problems it is customary to distinguish between the Auger neutralization and
Auger deexcitation. This distinction has sense in situations in which the com-
plete ion-target system can be described as two separated subsystems. In this
way, one distinguishes between electronic states of the metal surface and elec-
tronic states of the projectile. Consequently, when the projectile is charged
and the two involved electrons are initially in the target the resulting process
is called Auger neutralization (AN), and when one of the two electrons is ini-
tially in the projectile, Auger deexcitation (AD).? The separation of the total
system in two subsystems is reasonable and meaningful at large ion-metal sep-
arations, when the projectile-surface interaction is weak. Nevertheless, this is
not true at close distances from the surface, when the projectile wave functions

3 The theoretical description of the AN at surfaces, using the dielectric formalism
can be found in Chap. 6.
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= rt + rd

Fig. 5.3. Schematic representation of the Auger capture process: an electron from
the valence band decays to the unoccupied 1s state of the He™ ion, whereas a second
electron is excited to an unoccupied continuum state. The Auger process can be
viewed as the sum of two channels: (a) I'T, in which the excited electron has a spin
parallel to that of the electron bound to the He™ ion and (b) I'!, in which the spin
of the excited electron is antiparallel. The indistinguishability of electrons gives rise
in the latter to the two processes indicated by solid and by dashed arrows

start to overlap with the metal ones. In such cases, the electronic states belong
to the entire projectile-target system. Therefore, it has no meaning to distin-
guish between AN and AD. One may consider that, actually, both processes
are being considered by the bulk model described here, without making any
distinction between them.

The Auger process is schematically shown in Fig. 5.3. Two different chan-
nels contribute to the total Auger capture (AC) probability, I': (a) capture of
a spin-down electron and emission of a spin-up electron, I'" and (b) capture
and emission of spin-down electrons, I'.

The AC probability can be calculated in first-order perturbation theory.
The probability of AC per unit time involving the excitation of an electron of
spin orientation parallel to the bound electron (I'") is [69, 70]:

Fex Y Y Y

Lp{éocc. @;GOCC. Lpgéocc.
[ s’ e [l vtk
X 0 (5{ +el—el - Eg) , (5.8)

where v(r,r') = 1/|r —r'| is the Coulomb potential, responsible for the
decay. The wave functions of the electrons involved in the transition are
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approximated by the KS wave functions ¢! (r) and @l (r) of the He™ /FEG
system, with KS eigenvalues 5% and 6; respectively. The wave function of the
captured electron in the final state is approximated by the KS wave function
of the unoccupied bound state ¢, (r) with eigenvalue £},. The wave function of
the unoccupied state in the continuum is also approximated by the KS wave
function wg(r) with eigenvalue 5;

The Auger probability per unit time when the spin orientation of the
excited electron is antiparallel to the bound electron I'* needs special care. In
this case, the captured electron and the excited electron have the same spin
orientation and are thus indistinguishable particles. Hence, the spatial part of
the wave function of the two-electron states involved in the transition must
be antisymmetric, and I'! can be written as [69, 70],

rem Y OY Y

L,OlEocc g@éEOCC 4p3¢occ

‘/drdr )N Tes ()] v(r, ) s (2ot (x)

- / drdr’ [0k ()] s ()] v(r, ')l ()l (r)
x 0 (e% +ey—el - 6%) . (5.9)

The first double-integral describes the process indicated in Fig. 5.3 (b) by
solid arrows. The last integral corresponds to the indistinguishable process
represented by dashed arrows. Expanding the squared term, I'! can be also
written as,

rt=ry-rt
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where [ Ol corresponds to the first term, the one equivalent to the expression
of I'", and Flflt is the second term preceded by the minus sign. The indistin-

guishability of the electrons gives rise to this interference term Film, absent in
the AC rate I'". This term comes from the fact that the Auger rate is ruled
by the Coulomb interaction between electrons, v(r,r’) = 1/|r — r’|, which is
a two-body operator. Therefore, it depends on the two-body density n(r,r’),
i.e., the probability of finding a pair of electrons at the positions r and r’. In
I'', two spin-down electrons participate: the one that is excited and the one
that is captured and neutralizes the He™ ion. Due to the exchange hole that
surrounds an electron in the conduction band, the probability of finding two
electrons with the same spin close to each other (e.g. the two spin-down elec-
trons in the calculation of I'!) is reduced compared to the case in which the
two electrons have different spin. In other words, for small values of |r — 1’|,
one has ny|(r,7’) < nj;(r,7’). This fact is incorporated in the interference
term.

Figure 5.4 represents the value of the Auger capture rate as a function of
rs. The contributions to the total rate coming exclusively from the excitation
of electrons with spin-up (I'T) and spin-down (I'!) are shown separately. These
results are compared with those obtained without including the interference
term, i.e., the partial rate 1"0l and the corresponding total rate Iy = I'T + I’Ol.

Auger capturerate (a.u.)

Fig. 5.4. rs dependence of the Auger capture rate undergone by a He™ ion. The thick
dash-dotted (thick dotted) lines represent the AC rate in which a spin-up (spin-down)
electrons is excited: I'' (I'). The sum of both contributions is shown by a thick solid
line. For comparison, we also show the results obtained when the interference term
is not included. In this case, the total AC rate Iy is indicated by a thin solid line
and the partial rate FOL by a thin dotted line
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The large difference between I'T and I'! arises from the contribution of two
ingredients. On the one hand, due to the spin-dependent screening explained
in the previous section, it is easier to excite spin-up electrons, because the
probability of finding them around the He™ ion is larger (An] > An! close to
the ion). The contribution of this effect can be obtained from the comparison
of I'" and T, Ol. In this case, the difference between the values obtained comes
uniquely from the different wave functions entering the matrix elements of I'T
and Fol. As can be deduced from the results of the previous section, this effect
is important at low electron densities for which the screening is strongly spin-
dependent. At high densities the effect is much reduced. On the other hand, a
further reduction of the value of I'! is due to the interference term I’ l-lm, which
accounts for the indistinguishability of electrons. A comparison between I't
and FOl shows that the contribution of this effect to the spin dependence of
the AC rate is important over all the range of electron densities considered.

In order to quantify the spin dependence of the Auger process and the
influence of the metal electron density on it, we define the spin polarization
of the excitation £4¢ by the following expression:

rr—rt

=~ 11
&ac Tl (5.11)

This quantity is related to the average spin polarization of the electrons excited
during the Auger capture process. The dependence of £ 4 on 7 is represented
in Fig. 5.5. The curves shown correspond to three different calculations. Thick
solid line represents the results obtained using LSD to calculate the screening

100 ey p——r————r————r———r—

80

Fig. 5.5. Spin polarization of the Auger capture rate {ac, defined in (5.11), as
a function of the parameter r,. The thick solid line indicates the results obtained
within the LSD and including the interference term, thin dashed line the results
obtained within the LDA and including the interference term, and thin solid line
the results obtained within the LSD without including the interference term
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of the He™ ion and including the interference term in the calculation of I't (we
will denote it by LSD&INT). Dashed line is obtained including the interference
term but calculating the screening within the LDA (LDA&INT). In this case,
the spin dependence of the screening is neglected and all the polarization
comes from the interference term. Finally, thin solid line shows the result of
neglecting the interference term in I't when the screening is calculated with
the LSD prescription (LSDO). Hence, this curve shows the contribution to £a¢
coming exclusively from the spin dependence of the screening.

According to the LSD&INT calculation, the spin polarization of the ex-
cited Auger electrons is very large (70%—90% in the range ry = 2-5 a.u.).
A comparative analysis of the different curves allows us to deduce the rel-
ative importance of these two effects in the spin polarization of the Auger
process. By comparing LSD&INT to LSDO0, we observe that the interference
term plays the predominant role over all the range of densities. The effect due
to the spin-dependent character of the screening is always smaller, although it
gains relative importance at low densities (compare LSD&INT to LDA&INT).

It is noteworthy to stress that the spin polarization of the excited electrons
is very high (70%-90% as a function of the FEG density) and that the main
reason is the indistinguishability of electrons (interference term in I'l). The
large polarization of the Auger excited electrons is not related to the bulk
nature of the treatment: surface calculations of the Auger rates that include
both the spin-dependent perturbation induced by the ion and the interference
term in the calculation of the Auger rates give similar high values of the spin
polarization [36]. However, the theoretical spin polarization is much higher
than the one measured in the emitted electrons [14, 21]. As it is shown in
next section, the role played by electron—electron scattering processes is cru-
cial to interpret this kind of experiments even for paramagnetic surfaces. The
usual tendency to compare directly the properties of the Auger excited elec-
trons with the measured emitted electrons can be misleading, since gives an
incomplete account of the full emission process. Furthermore, note that any
theoretical model aimed to describe the spin dependence of the Auger process
should include the interference term in the calculation of I't. The existence of
such a term is based on the fundamental indistinguishability of electrons. We
stress this point because, paradoxically, theoretical calculations that neglect
it may give a better agreement with the measured spin polarization [14, 31].
Actually, this is observed in the bulk LSDO calculation discussed above. The
LSDO results are close to the experimental data in the rs = 3—4 range, which
is a range of reasonable densities in the surface region (see Fig. 5.5). However,
since there is not any justification to neglect the interference term [27, 36, 69],
this kind of approaches are underestimating the spin polarization of the exci-
tation induced by the Auger process. Therefore, they cannot provide a correct
interpretation of the experimental data.

In summary, the spin polarization of the excited electrons in the Auger
neutralization of He™ ions inside a metal and at its surface is very high due
to the interference term that appears in the excitation of spin-down electrons.
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Moreover, this polarization increases at low densities, which is expected to be
important in the surface region. Therefore, the measured lower polarization
of emitted electrons must be associated to different mechanisms not related
to the Auger process itself. In the following, we will show that the scattering
and creation of a cascade of secondary electrons is the main responsible for
the drop of spin polarization.

5.4 Transport of Excited Electrons in a Paramagnetic
Electron Gas

The scattering of the Auger-excited electrons and the creation of the cascade
of secondary electrons in a metal can be properly accounted for by means
of the Boltzmann transport equation [71, 72]. A detailed discussion of this
issue can also be found in the contribution by W. S. M. Werner to this book.
In the present chapter, we will concentrate on the description of the Boltz-
mann transport equation for a homogeneous excitation. This is a more simple
approximation that applies to the Auger induced electron emission we are
concern here.

The starting point is to obtain the source function S?(E), i.e., the proba-
bility per unit time for excitation of an electron in the Auger process with a
given spin o, as a function of its final energy E:

dr°(E)

S = =g

(5.12)
This quantity is obtained in a straightforward way, from the expression for
the total rate without performing the integral over final energies of the excited
electron.

The final distribution of excited electrons N°(FE) is different from S7(E)
due to electron—electron scattering processes. Within the Boltzmann transport
equation and using the homogeneous excitation approach N7 (FE) is obtained
as follows:

v(E)
I(E)

N°(E) = S°(E)

max

+Z/ dE'F(E,0,E',0")N(E',0"), o=, (5.13)

where Fp.x is the maximum energy of the electron excited in the Auger
process, [(E) is the electronic mean free path which is spin independent in
a paramagnetic FEG, v(E) is the electron velocity, and F(FE, o, E’,0’) is the
probability that an electron in the state (E’, ¢’) is scattered and an electron is
produced in the state (E, o). This can happen in two ways. On the one hand,
the electron at (E’, ') can scatter to the state (F, o), by creating an excitation
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in the medium. The probability for this process will be denoted W3¢(E, E’).
On the other hand, the electron at (E’, 0’) can scatter to any other energy
with the subsequent excitation of an electron from the conduction band of
the metal to the state (E, o). The probability for this process will be denoted
W=*¢(E, E"). These two processes are schematically shown in Fig. 5.6. Note
that, as shown in this figure, in the first process (W*¢(E, E’)) the electron
with final energy E has the same spin as the initial electron with energy E'.
However, in the second process (W*¢(E, E")) the electron that is excited from
the conduction band to the state with energy E can have any of the two spin
directions with equal probability.

E.o
spin = ¢ spin=0
A 4 3 E
WSS (E, E) W (E,E)
; v |spin=cor-c
Spin = G or -G
Eg
Conduction band
0

Fig. 5.6. Schematic representation of the electron—electron scattering processes for
excited electrons that contribute to the creation of the cascade of secondaries

In a more rigorous treatment, when the two electrons that are scattered
have the same spin, the two processes discussed above are indistinguishable.
Therefore, the two processes could not be treated separately, and an inter-
ference term would appear. Nevertheless, it has been shown that this term
may be only important at electron energies within 1 eV from the Fermi en-
ergy [73-75]. Since in the problem of electron emission, one is interested in
electron energies higher than the work function of the metal, one is clearly in
the situation in which this exchange effect can be definitely neglected.

In this way, and by defining W*¢(E, E’) as the probability that either a
spin-up or a spin-down electron is excited from the conduction band to the
energy state E, when another electron decays from the energy state E’, one
gets the following expressions for F(FE, 0, E', o'):

1
F(E,0,F',0) = W*(E,E') + ;W*(E, '),
1
F(E,0,E',~0) = W*"(E, E') . (5.14)

As a result, the Boltzmann transport equations (one for each spin state) that
one must solve self-consistently take the following form:
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Emax
;’((g)) N°(E) = S°(E) +/E dE' (W*(E, E') + %W“(E, E')N°(E')
%/ T AEWEE BN ®), ol (519)
E

In case of a paramagnetic FEG the electronic mean free path and the
transition probabilities can be properly calculated in terms of the Lindhard
dielectric function. Explicit expressions for these quantities can be found
in [72]. More precisely, since the excitation function that results from the
Auger process S?(F) is isotropic, the quantities W*¢(E, E') and W*¢(E, E’)
entering (5.15) are obtained by taking the angular average of the expressions
in [72].

The self-consistent solution of (5.15) is obtained by an iterative proce-
dure. This also allows one to obtain the energy distribution of electrons after
different number of scattering events. For instance, substituting N?(E’) by
(I(E")/v(E")) S°(E') in the right hand side of (5.15) one obtains N{(E), the
energy distribution of electrons after, at most, a single scattering event. In the
next iteration, Ny (E’) is introduced in the right hand side, obtaining NY (E),
the energy distribution of electrons after, at most, two scattering events. The
procedure is continued until the self-consistency is achieved.

Finally, in order to fully describe the emission process, one must obtain
from the distribution of inner excited electrons N7 (F) the energy distribution
of the finally emitted electrons. In order to describe this escape process we use
here the standard model of a planar surface barrier and free electrons inside
the metal. The surface barrier height W is defined by the Fermi energy Er
and the work function @: W = Er + &. Now, using the conservation laws
of energy and parallel momentum at this potential barrier, one can easily
obtain the current density of emitted electrons j7(E) [72]. For an isotropic
distribution of inner excited electrons N7(FE), like the one in which we are
interested here, j7(E) takes the following form:

w
E+W

JO(E)=m (1— ) v(E4+W)N°(E+W), (5.16)
where the energy E is measured from the vacuum level. An idea of the elec-
trons emitted after n-scattering events is provided by using NZ(E) in (5.16).

5.5 Comparison with Experiments and Discussion

In this section we show the results of the complete calculation of the electron
emission induced in the neutralization of a He™ ion in a metal, in which all the
different mechanisms discussed above are considered. These theoretical results
are compared with the available experimental data in the neutralization of
Het ions in front of metal surfaces.
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Fig. 5.7. Energy distribution of emitted electrons in the neutralization of a spin-
polarized He™ ion embedded in a free electron gas. Electron energy is measured
from the vacuum level. Thick (thin) lines correspond to electrons with spin parallel
(antiparallel) to that of the electron bound to the He't ion. Dotted lines correspond
to the distribution of directly emitted electron, dashed lines to a single scattering
approach, dash-dotted lines to the twofold scattering approximation, and solid lines
to the complete self-consistent transport calculation

The calculated distributions of emitted electrons j?(E) are represented
in Fig. 5.7 for different values of the embedding medium electron density.
The value of the work function is @ = 4.25 eV. Comparison of the results
obtained for directly emitted electrons (i.e., solving (5.15) with W?*¢(E) =
W$¢(E) = 0) with those obtained after one-, two-scattering events and the
self-consistent solution illustrates the role of the transport mechanism. The
inclusion of transport has very different consequences in the spectra depending
on the energy range considered. At low energies, the number of spin-up and
spin-down electrons increases with the number of considered scattering events.
Information on the neutralization process is therefore masked by the cascade
of secondary electrons excited in electron—electron scattering processes. At
high emission energies the number of emitted spin-up and spin-down electrons
hardly changes with the transport process. These high energy electrons, are
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directly emitted after excitation without almost suffering further scattering
events, and they provide direct information on the neutralization process.

The change in the spin polarization of the emitted electrons due to the
transport process can be analyzed by means of the quantity:

_ e dE [1(E) = jH(E) ]

JEme dB [ §1(E) + jH(E") ]

P(E) (5.17)

which can be directly compared to experimental results. P(E) is the polariza-
tion of electrons emitted with energy higher than E. The results for different
densities of the embedding medium are shown in Fig. 5.8. In the high energy
range, for which the transport process plays a negligible role, the spin polar-
ization is high, reflecting the high efficiency of the Auger process for exciting
spin-up electrons. For E = 0, P(E = 0) is the spin polarization of the total
electron yield. Due to the transport process, P(0) is much reduced as com-
pared to the spin polarization of initially excited electrons. For the sake of
comparison, the experimental data of [21] obtained in the neutralization of a
He™ jon in front of the Al (001) surface are also shown in the different panels
of Fig. 5.8. The overall agreement between the model results (in the range
of ry = 2-3) and the experimental data is remarkable. This shows that the
theoretical model captures well the main features of the problem.

Considering that the calculation is performed for a He™ ion embedded in a
FEG, it may seem surprising that the results are applicable to a surface prob-
lem. The main difficulty arises from the fact that a metal surface is a region
of varying density, whereas in the bulk calculation the background density
is uniform. Nevertheless, there are good reasons supporting the validity of
the theoretical approach to reproduce the experimental data of [14, 21]. In
these experiments the perpendicular energy of the projectile is high enough
so that it probes a region close to the topmost layer of atoms. Based on dif-
ferent calculations of the distance dependent Auger neutralization rates for
this system, it has been estimated that neutralization should occur at 2-3 a.u.
from the topmost atomic layer. This is very close to the jellium edge. At these
distances, the relative electron density variations are small, and a local model
based on a uniform density background is reasonable.

Since the distance from the surface at which the ions are neutralized can-
not be exactly known, there exists some uncertainty about the value of the 7
parameter to be used within the bulk model. In this respect, it is important
that the spin polarization of emitted electrons does not depend very strongly
on r,. This can be observed in Fig. 5.8 where similar good overall agreement
with the experimental data is obtained for different values of ry (rs = 2 — 3).
This leads to conclude that the knowledge of the exact distance of neutral-
ization and the precise value of the corresponding electron density probed
by the projectile is not so critical to explain the measured spin polarization,
provided that the Auger neutralization takes place at short distances from
the surface where the electron density is not too low. Finally, it is worthy to
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Fig. 5.8. Polarization of the electrons emitted with energy higher than E as defined
by (5.17) in the neutralization of a He™ ion embedded in a free electron gas. Results
obtained for directly emitted electrons (dotted lines), for a single scattering approach
(dashed lines), for a twofold scattering approximation (dash-dotted lines), and for
the self-consistent transport calculation (solid lines) are shown. Experimental data
of [21] for the polarization of the electrons emitted in the neutralization of 15 eV
(filled circles) and 500 eV (open circles) He™ ions incident on Al (001) are shown
in all the panels

mention that although the density parameter for bulk aluminum is ry = 2.07,
one may expect that in the surface region the appropriate value of the density
should be lower. In this respect, it is reasonably that in view of Fig. 5.8 one
can invoke a better agreement with the experimental data when using rs = 3.

Nevertheless, the dependence of the calculated spin polarization of the to-
tal electron yield on the electron density is weak. This feature explains the
similar experimental results obtained for this quantity at different surfaces
such as Al (001), Au (001), and Cu (001) [21]. The measured spin polariza-
tion of the total yield is around 30% in all three cases. Figure 5.9 shows the
calculated spin polarization of the total yield (P(E = 0) in (5.17)) for several
values of the density parameter r;. Experimental uncertainty for this quantity
is shown as well. The calculations give values consistent with experiments in



176 M. Alducin et al.

l L] v L] v L] v L] v L]
i [ ]
o [ ]
3 08} o ¢ -
> [}
g | : :
S 06 . .
ey * A
+ o * *
5 . "
c 0,4-"'-"'i”"”'r”A """""""""" =
S I -]
8 L
s 22—
[e)
o L
0 L L L L L
1 2 3 4 5
l's

Fig. 5.9. Polarization of the total yield of emitted electrons (P(0) in (5.17)) as a
function of rs. Circles correspond to the directly emitted electrons, diamonds to a
single scattering approach, triangles to the twofold scattering approximation, and
squares to the complete transport calculation. The lines limit, according to the error
bars of [21], the experimental uncertainty for He™ incident on Al (001) (solid lines),
Cu (001) (dotted lines), and Au (001) (dashed lines)

the range r; = 1-4. Note that, if the transport process were neglected, the
value of the spin polarization would be much larger in general (circles).
More than in the value of the spin polarization of the total yield, a density
effect can be observed in the dependence of the spin polarization on the out-
going electron energy. More precisely, the spin polarization at high energies is
expected to decrease as the electron density increases. This is due to the lower
spin polarization of excited electrons at high densities. In fact, this density ef-
fect can explain the difference in the spin polarization for high energy emitted
electrons in the case of Au (001) and Cu (001) surfaces as compared to the
Al (001) surface. In principle, Au and Cu are not really free electron metals,
since the role played by d electrons cannot be neglected. Nevertheless, a free
electron approximation for these metals can be performed by using effective
density parameters obtained from the maximum of the experimental electron
energy loss peaks. By this procedure, the values of the density parameters are
rs = 1.83 for Cu and ry, = 1.49 for Au [76]. Therefore, it is expected that
even in the surface region (close to the topmost layer) the effective density
probed by the projectile should be higher for these metals than for aluminum.
In Figs. 5.10 and 5.11 the model calculations are compared with the experi-
mental results obtained for the Cu (001) and Au (001) surfaces, respectively.
The best overall agreement with experimental data is obtained in the two
cases with rs values lower than in the case of aluminum. Clearly, the rs = 3
case overestimates the spin polarization at high energies in these surfaces,
whereas it gives reasonable results for the Al (001) one. The r; values that
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Fig. 5.10. Same as Fig. 5.8, but the experimental results from [21] are for the
Cu (001) surface

give a better overall agreement in the Au (001) and Cu (001) surfaces are in
the range rs = 1.5-2. This range is consistent with the expected values of the
density in the surface region where neutralization takes place.

A final difficulty with the applicability of the bulk model to the surface
problem is related to the approach that has been used to estimate the effect
due to the transport process. In this respect, calculations that take into ac-
count the surface explicitly have shown that the electron inelastic mean free
paths keep their bulk value up to the position of the jellium edge [77]. This
means that the use of the bulk values for the mean free paths and transi-
tion probabilities in (5.15) can be a reliable approximation. Nevertheless, a
full self-consistent solution of the Boltzmann transport equation may overesti-
mate the effectiveness of electron—electron scattering processes at the surface.
The reason for this is that electrons excited in the surface region may un-
dergo a limited number of scattering events before being emitted, though
it is not completely clear the number of scattering events one should con-
sider. In this respect, it is important that the results obtained within the
twofold scattering approximation are very similar to those obtained from the
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Fig. 5.11. Same as Fig. 5.8, but the experimental results from [21] are for the
Au (001) surface

self-consistent solution, and show also good agreement with the experimental
data (see Figs. 5.8 to 5.11). This fact, and its occurrence in all the range of
densities that are most likely probed by the projectile when the neutraliza-
tion takes place suggest that the efficiency of electron—electron scattering is
not being overestimated.

In summary, the bulk model — that includes: screening, electron excitation,
and electron transport — allows to understand the measured spin polarization
of the electron emission and its energy dependence in the neutralization of
Het ions in front of paramagnetic metal surfaces. The picture that arises is
that of a strong spin polarization of the primary excited electrons in the Auger
process, and a subsequent reduction of it to values of ~30% due to electron—
electron scattering processes at the surface. These results depend weakly on
the target density and are expected to be valid for those surfaces with typical
electron densities rs < 4, provided the Auger process takes place close enough
to the topmost layer of atoms. This last condition is important to justify
the local model. In the case of neutralization at large projectile-surface dis-
tances the usual picture based on the separation between target and projectile
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electronic levels, which invokes the distinction between Auger deexcitation
and Auger neutralization is probably more suitable than the local model. Ad-
ditionally, when the neutralization of the ion and the subsequent electronic
excitation takes place at large distances from the surface, a reduction of the
importance of the transport process is expected, at least for the Auger deex-
citation. Therefore, in these cases one would expect a higher degree of spin
polarization in the emission than that found in the experiments of [14, 21].
Finally, let us mention that even in the cases in which the transport process
plays a relevant role, the strong spin polarization of the excitation is reflected
in that of the electrons emitted at high energies.

5.6 Summary and Further Developments

We have reviewed some theoretical aspects of the spin polarization of electrons
emitted in the Auger neutralization of Het ions embedded in a paramagnetic
electron gas. All the processes that play an important role such as the spin-
dependent screening of the ion, the Auger capture process, and the creation
of a cascade of secondary electrons have been described in detail. This model
has allowed to explain the measurements performed in ion—surface scattering
experiments. Nevertheless, a bulk model may have some limitations when it
is applied to a surface problem.

The most obvious limitation is the use of uniform electronic densities to
describe situations where the surface is a region of varying density. This does
not represent an important shortcoming for the calculation of the electronic
excitation in the Auger process, when the neutralization takes place in regions
around the jellium edge, where density non uniformities are small. In this
respect, we refer the reader to [66], where it is proven the local nature of the
Auger process for Het ions close to a metal surface.

The basic ingredient of the transport description given in Sect. 5.4 is the
isotropic and homogeneous excitation function. In this special case it is possi-
ble to replace the correct transport equations (half space problem with suit-
able boundary conditions) by a system of transport equations for an infinite
medium combined with a simple model of the escape of excited electrons in or-
der to describe the emission properties with sufficient accuracy. However, in re-
ality, the excitation function is not homogeneous, i.e., it is distance-dependent.
Therefore, an analysis of how the inhomogeneity in the initial excitation func-
tion affects the creation of secondaries would be helpful and desirable. For
instance, it would be of interest to perform a Monte-Carlo based transport
calculation of the creation of secondaries,* by locating the electronic excita-
tion at the surface region and describing properly electron—electron inelastic
scattering processes at the surface, and electron-target atom elastic scattering
processes. This approach might in principle allow to use distance dependent

4 See Chap. 1 for a description of classical-trajectory Monte-Carlo methods
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electron excitation functions for the electrons excited in the Auger process.
For the conditions of the experiments that have been discussed here, it would
be reliable to use the bulk model for the Auger excitation functions, obtain-
ing the distance dependence by using for each position the corresponding 7
value. The correspondence between the position and 75 can be obtained from
the calculated electron density profiles for each surface of interest. This model
should allow a direct comparison with the experimental data for both the en-
ergy distributions of emitted electrons and their spin polarization. Moreover,
it would help to definitely establish the picture provided in this review for the
description of this kind of experiments.

In principle, a similar picture to that presented here should be valid in the
case of ferromagnetic surfaces. One of the main differences as compared to
the paramagnetic case is the role of electron transport. As shown in Sect. 5.5,
the creation of a cascade of secondaries in the paramagnetic case involves a
reduction of the spin polarization of emitted electrons. On the contrary, in
the case of ferromagnetic targets, the cascade involves an increase of the spin
polarization of the majority kind at low energies [74, 75]. Additionally, the
distribution of the electrons excited in the Auger process depends as well on
the spin orientation of the electron bound to the incoming projectile relative
to the direction of magnetization of the target. In the following, let us denote
He?r (Hef) the case in which the spin direction of the electron bound to
the projectile is parallel (antiparallel) to the spin of majority spin electrons.
Calculations performed for a spin-polarized Het ion embedded in a spin-
polarized electron gas [33] show that, as in the case of a paramagnetic target,
the spin polarization of the excitation tends to be parallel to that of the
electron bound to the He™ ion. This means, for instance, that for He%|r the
spin polarization of the excitation is of the majority kind. In the case of
Hef7 as there are less minority electrons to be excited, the sign of the spin
polarization depends on the energy of the excited electron. Moreover, the
total Auger capture rate is larger for Hef than for He}", which implies that
the former is more efficient exciting electrons than the latter.

Nevertheless, important problems arise if one tries to use this informa-
tion to understand the measured data. In the surface region of ferromagnetic
materials not only the electron density varies with distance, but also the spin
polarization. In the paramagnetic case, it has been shown that the main results
concerning the spin polarization of emitted electrons are not very sensitive to
the exact value of r,, in the range of densities that correspond to distances
at which the He™' ion is more likely neutralized. Unfortunately, this is not
the case concerning the effect of the variation of the spin polarization of the
electrons in the surface of ferromagnetic materials. For instance, the measured
yield is larger for He%|r than for Hef ions [2, 8, 9, 18-20]. This is related to
the inversion of the spin polarization of the electrons at the surface of these
materials [9, 78], i.e., the spin polarization at the surface region where the
projectile is neutralized is of the minority kind. Additionally, the spin po-
larization of the yield is of the majority kind for both He?‘ and Hef. This
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fact may be related to the creation of the cascade of secondaries, for which
the sign of the bulk magnetization plays the major role. In conclusion, the
two step picture presented for the paramagnetic case (excitation in the Auger
process + creation of secondaries) should be also useful to understand the
spin polarization of the electron emission in the neutralization of He™ ions in
front of ferromagnetic surfaces. Nevertheless, the problem is much more com-
plicated due to the variation of the spin polarization of the electron density
with position in front of the surface. Certainly, more work along these lines
will be necessary in future in order to better interpret the measured data in
ferromagnetic surfaces.
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Electron Emission from Surfaces Mediated
by Ion-Induced Plasmon Excitation

Ratl A. Baragiola and R. Carmina Monreal

We review theoretical and experimental research on electron emission due
to plasmon excitation and decay in ion-solid interactions for low projectile
velocities (less than the Fermi velocity). The main excitation mechanisms
in this case are plasmon-assisted neutralization of ions with sufficiently high
potential energy, and indirect excitation by fast secondary electrons.

6.1 Introduction — Basic Notions

Plasmons, quantized charge-density oscillations in solids [1, 2], were discovered
in 1942 in the form of multiple discrete energy losses of electrons traversing
thin films [3] and first explained theoretically by Pines and Bohm in 1952 [4].
Plasmons arise due to the overshoot of the screening response of the elec-
tronic system to a rapidly varying electric field such as that produced by fast
charges moving in solids and in ion neutralization. These excitations are ev-
idenced not only in the discrete energy losses of electrons in EELS (electron
energy loss spectroscopy), photoelectrons or Auger spectroscopy but also in
the “shake-up” excitation produced by sudden changes in the occupation of
localized electron states, e.g., in the photoionization and decay of inner-shells.
In photoionization, the electrons respond by trying to screen the suddenly
created hole but overshoot the static screening position, leading to an oscilla-
tion of the screening charge. The switching of the perturbation must be fast,
so that the transient electric fields have Fourier components with frequencies
overlapping with the plasmon frequencies at 1 — 5 x 10'® Hz, in the optical
(UV) range. These shake-up excitations produce energy losses in X-ray pho-
toelectron spectroscopy, and can give useful information for surface analysis
of solids [5].

6.1.1 Bulk Plasmons

A plasma oscillation is a collective oscillation of the electrons that occurs as
a consequence of the long range of the Coulomb interaction in systems with

R.A. Baragiola and R.C. Monreal: Electron Emission from Surfaces Mediated by Ion-Induced
Plasmon Ezcitation, STMP 225, 185-211 (2007)
DOI 10.1007/3-540-70789-1_6 © Springer-Verlag Berlin Heidelberg 2007
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a large number of electrons, such as plasmas or metals. These oscillations
are approximately normal modes of the system if they are weakly damped.
A normal mode of a system is an oscillation that, once excited, can be self-
sustained in the absence of an external driving field.

For the case of plasma oscillations, the constitutive relation between the
electric field E and the displacement D is:

E =D/ (6.1)

where ¢ = £1+4¢5 is the (complex) dielectric function (1/¢ is called the response
function). Equation (6.1) implies that E # 0 for D = 0 if € = 0. Therefore
the oscillation is self-sustained if e; = 0 and €5 < 1. In the simplest case of a
free electron gas described by the Drude dielectric function:

ew)y=1-—%5. (6.2)
Plasma oscillations are produced at the plasma frequency given by

4 2
wp = 4] 20 (6.3)
m

where n is the electron density and e and m the electron charge and mass. In
general, ¢ depends on the frequency w and on the wave vector k. Then, the
oscillation frequency depends on k = |k| trough its dispersion relation:

3 k*v%

10 wp

(6.4)

Where vg is the Fermi velocity. The oscillation is quantized (plasmon) with
a quantum of energy E, = hwp.

In reality, electrons do not move freely but are subject to forces due to the
polarization cloud of correlated electrons. Hence, the term “quasi-particle” is
preferred to electron, and an effective mass m* is used in Eq. (6.3). Plasmon
energies deviate strongly from the free-electron value in the case of metals
with localized d-bands, such as silver. In other cases, such as Cu and Au,
these polarization effects also damp the plasma oscillation so heavily that
they cannot be considered to be normal modes.

6.1.2 Monopole and Multipole Surface Plasmons

A boundary introduces different surface or interface oscillation modes, first
predicted by Ritchie in 1957 [6], which have been treated in various reviews,
e.g., [2, 7, 8]. Surface normal modes are defined as the poles of the surface
response function that is the equivalent to the bulk response function 1/e.
In the simplest case of a planar surface separating a medium of dielectric
constant ¢(w) from the vacuum, the surface response function is given by
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e(w)—1

g(w) = e(w)+1

(6.5)

which, for the Drude dielectric function € Eq. (6.2), has a pole that describes
a surface plasmon oscillation at an energy hwsp = Ep/ V2 where Ep is the
energy of the volume plasmon (VP) given above.

When an atomic particle or a photon interacts with a perfect planar sur-
faces, the component of the momentum parallel to the surface, hig, has to be
conserved. This means that, in general, the surface response function depends
on w and ¢. Feibelman [9] showed that in the limit of small ¢ the dispersion
relation of the surface plasmon can be expressed as

w(q) = wsp <1 - ;qd(WSp)> (6.6)

where d(wgp) is the position of the centroid of the induced charge density,
evaluated at the frequency of the surface plasmon. This quantity can be posi-
tive or negative depending on the surface model: a negative dispersion results
if the electronic density spills out into the vacuum while the dispersion is
positive for confined electrons (for infinite surface potential barrier).

The normal surface plasmons (nSP) just described are not the only normal
modes of a surface. The surface response function of realistic surface can also
present poles at other frequencies named multipole surface plasmons (mSP).
These plasmons, which at ¢ = 0 have energies close to that of the volume
plasmon: (0.80-0.85)E,, and a positive dispersion [2, 10], can be viewed as
a volume plasmon of the low electron density surface region [11]. They are
responsible for the large enhancement of photoelectron emission [12, 13] at
the mSP energy and seen in EELS spectra of Al(111) [14, 15].

6.1.3 Plasmon Decay

The excited plasmon can subsequently decay by interband transitions assisted
by scattering with impurities, grain boundaries, etc. after a short time (< 1 fs),
which allows at most a few oscillations. This short lifetime 7 introduces an
energy broadening I" = h/7 of the plasmon loss peak seen in EELS. Interband
transitions to states above the vacuum level can lead to electron escape into
vacuum [16, 17]. Since the plasmon energy can be transferred to any electron
in the valence band, the internal electron energy distribution, N, (E), is broad,
as wide as the valence band if E), is larger than the Fermi energy [18-20]. In
metals, the discontinuity at the Fermi level causes a shoulder in N,(E), broad-
ened by I'. Since N(E), the energy spectrum of all emitted electrons, contains
also electrons excited by other mechanisms, visualization of the plasmon de-
cay shoulder is enhanced in the derivative dN(E)/dFE [21], a standard method
in Auger spectroscopy. An example of an electron energy spectrum from Al
and its derivative is shown in Fig. 6.1 [15], for the case of incident electrons.
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226.1 eV electrons on Al (111)
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Fig. 6.1. Electron energy spectrum from clean Al(111) excited by 226.1 eV electrons
at normal incidence, together with its derivative. The energy loss structure near the
elastic peak is assigned to excitation of single and multiple surface plasmons (SP)
and volume plasmons (VP). The derivative indicates the structure due to the decay
of surface and volume plasmons. The central region of the derivative spectrum is
magnified to show the structures due to multiple plasmon and 2p Auger decay.
From [15]

6.2 Theory for Plasmon Excitation

6.2.1 Direct Excitation by Fast Charged Particles

Charged particles exchange energy and momentum with the electrons of a
solid, and create a wake of electron density fluctuations behind them. If the
charges are fast enough, the valence electrons cannot react adiabatically; e.g.,
electrons that rush to screen a fast positive ion find that it is gone by the time
they reach its path, creating an excess of screening charge behind the ion that
starts the plasmon oscillation. In addition to the energy loss into electron-
hole pairs, the energy loss to plasmon excitations is a major mechanism for
stopping of fast electrons and ions in solids, especially for light elements, where
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the number of core electrons is small. EELS experiments have been used to
measure the dispersion relation of normal and multipole surface plasmons of
Al and the alkaline metals. While the normal surface plasmons, being dipole
active, can be easily excited, the detection of multipole surface plasmons is
more subtle. This was first achieved in photoelectron yield experiments, where
the excitation of the normal plasmon is forbidden by energy and momentum
conservation, and in reflection EELS measurements performed in off-specular
direction.

In the case of ion excitation, one cannot use the energy loss of the projec-
tile, as in EELS [1], since it is obscured by multiple continuum energy losses
of the ion to target nuclei. The alternative to study plasmons is to observe
their decay in characteristic electrons or, far less likely, photons [22, 23].

Allowed electronic excitations in solids are typically described with a di-
agram of energy transfer vs. momentum transfers, such as that in Fig. 6.2
for the case of a free electron gas. The region of single-particle excitation is
bound by E/Er = (k/kp)[(k/kr) + 2] and E/Ep = (k/kp)[(k/kr) — 2] re-
sulting from energy and momentum conservation. The plasmon line in the
figure represents Eq. (6.14), and the width is omitted for clarity. There is a
maximum or cut-off momentum Ak, for the plasmon, which is where the plas-
mon line enters the single-particle region. At such high momenta, the concept

> 0
(7]
= 2 £
o
L

20 -
—15
> ‘
9 single
g 10 . particle
<] i excitations

0
0 q/q. 1
q/q.

Fig. 6.2. Diagram showing the region of allowed energy transfer iw and momentum
transfer ¢ (in units of the Fermi momentum ¢r) in an electron gas. Excitations can
be to single-particles (shaded) or along the volume plasmon line (VP, shown for
Al). Higher order processes are not included. The straight lines indicate maximum
energy transfers for a given ¢, for protons at the indicated energy. q. is the cutoff ¢
(maximum plasmon momentum)
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of a plasmon loses its meaning, since the wavelength becomes comparable to
the average distance between electrons, and I" becomes large due to strong
coupling to single-particle excitations. The maximum energy transfer is given
by AEnax = k(2ko — k)/2M, where kg and M are the momentum and mass
of the projectile charge. Thus, for electrons, the maximum energy loss forms
a parabola in E — k space, where for ions, kg > k and the maximum energy
transfer is the straight line AFE,.x = hkv, where v = |v| is the speed of the
ion.
The rate of energy loss of fast charges in electron gas is given by:

(4r7)?
L2

where Z is the value of the charge and where Im(—1/¢) = e5/(¢2 + €2) is
called the energy loss function. The Coulomb divergence for small ¢ (large
distances) in Eq. (6.6) is suppressed by screening, described by Im[—1/e(k,w)],
and initially proportional to k2. The condition for plasmon excitation is that
g1 < 1 and &9 < 1; other criteria have been proposed [24, 25]. Equation (6.6)
thus shows that the energy loss has a pronounced peak at the energy of the
normal modes.

Kinetic plasmon excitation by ions has attracted several theoretical studies
[19, 26-31]. Ritzau et al. [32] discovered that, for proton impact on Al and
Mg, plasmons are excited below the threshold velocity vy, predicted by theory
obtained from the condition hk.vg, = Ep(k:). For a free-electron gas with
Fermi velocity vg, the cutoff momentum k. = E,/vr, leading to v, =~ 1.3vp;
that is a ratio of projectile energy to mass of ~40 keV/amu for Al [26] and 25
keV /amu for Mg. The energy of the volume plasmon increases with increasing
v due to the positive plasmon dispersion and agrees with theory except near or
below vy, [32, 33]. Although these velocities are higher than those considered
in this chapter (and this book), the mechanism of Coulomb excitation still
intervenes in processes involving fast electrons excited by the projectile, that
will be seen later.

Similar to the case of ions moving inside the solid, discussed above, fast
particles traveling outside but near a surface can lose energy by exciting sur-
face modes, with the rate of energy loss being proportional to the imaginary
part of the surface response function. Calculations of plasmon excitation and
decay by fast particles incident upon a metal surface at glancing angles have
been performed, for instance, in references [34-36]. These calculations show
that the spectrum of emitted electrons have a pronounced peak at the en-
ergy of the surface plasmon minus the work function, as a consequence of the
excitation of surface plasmons and their consequent decay.

W(k,w)=—

Im[—1/e(k,w)]d(w — kv) (6.7)

6.2.2 Neutralization

Plasmon excitation can occur at even lower velocities (v < vy,) by the rapid
switch of the potential during electron capture by ions of sufficiently high
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Fig. 6.3. Electron energy distributions and their derivatives for polycrystalline Al,
Mg and Be induced by 106 eV He™, Net, and Ar" ions, and 1 keV electrons [15]. The
vertical dotted and dashed curves represent the position of the monopole surface and
volume plasmons, which are only evident for Al and Mg due to their small widths.
The short solid lines are the positions of the high-energy edge of Auger neutralization
assuming an image shift of 2 eV of the ionic levels

potential energy, as discovered in experiments using 50-4500 eV He™ and
Ne™ ions on Al and Mg (Fig. 6.3) [37]. Several theories of potential plasmon
excitation during neutralization have been published [38-44]. Electron emis-
sion from this process competes with the more studied Auger neutralization
(AN) (also called Auger capture—AC), which can occur if the potential energy
of the ion exceeds twice ¢, the work function of the surface (Fig. 6.4). For
low ¢ surfaces, a competing channel is resonance neutralization followed by
Auger de-excitation (AD) [49]. The potential plasmon excitation mechanism
is allowed if the potential energy released when the ion neutralizes near the
surface, E, = I' — ¢ — E}, equals E,. Here I’ is the ionization potential of the
ion I, shifted by the interaction with its image charge (~2 eV) [37] and E}, the
energy of the final hole in the solid, measured from the Fermi level. With a
work function of 4.3 eV for Al, slow He™ (I = 24.6 V) and Ne™ (I = 21.6 V)
have enough energy to excite the volume plasmon of Al but Ar™(/ = 15.8 eV)
has not (Ep,(q) > 15 €V) [2, 8]. On the other hand, low momentum monopole
surface plasmons (nSP) can be excited by the three ions (E,(0) = 10.6 €V).
It is important to note that plasmon excitation is a resonance process, and
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Fig. 6.4. One-electron energy diagrams appropriate for Auger capture, electron cap-
ture with plasmon excitation, and electronic excitation transfer from the projectile
to a plasmon

hence it will not occur if the energy released in electron capture is far from
the plasmon energy plus I

Plasmons were proposed to be important in ion neutralization and deex-
citation of metastable atoms at surfaces about two decades ago [38, 39]. Here
we review a very general theory of plasmon assisted neutralization based on
the dielectric formalism. The basic magnitude appearing in the theory is the
dielectric susceptibility x of the solid (related to the dielectric constant) whose
imaginary part describes excitations. The key quantity is the transition rate
1/7 given by Fermi’s golden-rule,

f—2wZ\<f|V|>) (B - E) (6.8)

where |¢) and |f) are the initial and final states of the ion (atom) plus the
solid, with energies E; and E, and V is the Coulomb interaction between the
charge density in the atom and that induced in the metal.

The initial and final states are expressed as:

i) = 10) ® [k)
[f) = In) @ a)

with |0) and |n) being the ground and excited states of the many-electron
system respectively, |k) is the state representing the neutralizing electron and
|a) is the final atomic state. The interaction potential can be written down as
the Coulomb interaction between operators representing the fluctuations of
charge densities in the atom p, and in the metal §n upon the neutralization

event as 6
V= /drl/d 1) P (r2) (6.10)
vy — 1o

(6.9)
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Then, from the Fourier transform in the coordinates parallel to the surface, we
obtain the contribution to the matrix elements of all the metallic excitations
that can be produced in the neutralizing event. Then, these are summed up
yielding the imaginary part of the dielectric susceptibility defined in Chap. 1
to yield our final expression for the Auger neutralization rate:

LICAREDS 7dw / pa / dz / d='Tm (= (q,w; 2, 7))
0

k<kp

x & (k,q,2)P(k,q,2") 0 (Eq — By +w) (6.11)

In this equation, z, is the distance of the atom to the surface, z, 2z’ are electron
coordinates along the surface normal, k is the wave vector of the neutralizing
electron below the Fermi level of energy Ej, F, is the energy of the atomic
level, and w and q are the energy and momentum parallel to the surface
transferred to the metal. The potential @ is given by:

2 . ’ 7
B(k,q,z) = §<%<r' — zg)[e’ P el () (6.12)

where ¢, (r' — z,) is the wave function of the atomic state which depends on
the electron coordinate r’ and ¢y, (r') is that of the neutralizing electron.

The physics behind Eq. (6.11) is the following. &(k, q, z) exp(i(E, — Ei)t)
is the effective potential that causes the transition from the metal state
pr exp(—iEgt) to the final atomic state p,exp(iE4t). This effective poten-
tial oscillates in time with frequency w = E, — Ej inducing a corresponding
fluctuation in electronic density:

on(q,w, z) = /dZ'x(q,w,z,Z')@(k,q, z)

whose imaginary part is is related to energy losses. In fact the quantity
Im( [ dz én(q,w, 2)®(k,q, z)) gives the excitation rate of the electron gas.
Then, the total neutralization rate in Eq. (6.11) contains the contributions
of all possible events that can neutralize the ion, which include excitation of
single-particles (Auger processes) and plasmons.

The surface susceptibility x(q,w; z, 2’) is a smooth function of the spatial
coordinates z,z’ that interpolates from zero very far from the surface to the
bulk susceptibility of the solid. In addition to containing the excitation spec-
trum of the single-particle and collective modes (normal and multipole surface
plasmons), x also contains the coupling between these modes, which accounts
for the decay of surface plasmons of ¢ # 0 into electron-hole pairs and the ac-
companying width of the plasmon resonance (Landau-damping). On the other
hand, volume plasmons cannot decay into electron-hole pairs below a critical
frequency in this linear theory. The fact that this theory includes implicitly
the decay of the surface modes is what allows the description of the electron
emission that is observed experimentally.
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The surface susceptibility x(q,w;z,2’) can be obtained from the Time-
Dependent Density Functional Theory (TDDFT). When the effective inter-
action is simply the Coulomb potential (neglecting exchange and correlation
between electrons), the evaluation is said to be done in the Random Phase
Approximation (RPA). The use of TDDFT or the RPA for calculating EELS
produce good agreement with experiments [10]. The computation of the neu-
tralization rate is much more involved because it is necessary to evaluate y for
as many values as required to perform the 8-dimensional integral. This is one
of the reasons why the problem of calculating a realistic neutralization rates at
surfaces has been long-standing and why there are so many different approx-
imations to the matrix elements Eq. (6.11) and/or x in the literature. One
common approximation is the calculation of the matrix elements using the
bare Coulomb potential, which is reasonable only for w > wp when screening
can be ignored. This is clearly seen in the plot of Fig. 6.5 [45] of the neu-
tralization rate per unit frequency d(1/7)/dw for Het at z, = 5 a.u. from a
Lang-Kohn jellium surface of rg = 2.0 a.u. representing Al. The calculation
neglecting screening, represented by the line with squares in Fig. 6.5, gives a
smooth function of w, while that with screening, in which y is evaluated in
the TDDF'T, raises sharply in the region of the collective surface modes of Al,
which are obviously absent in the calculation neglecting screening. Therefore,
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Fig. 6.5. Neutralization rate per unit energy transfer for He™ at 5 au from the
jellium edge of Al. The squares are the results of the unscreened calculation and the
crosses those for the full calculation including all surface modes
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Fig. 6.6. Neutralization rate for He™ vs distance from the jellium edge of Al. Dashed
line: unscreened calculation; full line: full calculation including all surface modes.
From Monreal and Flores [46]

the comparison between both calculations shows that the plasmon-assisted
neutralization channel is indeed dominant at these energies. In the limit of
small energy transfers, the use of an unscreened potential overestimates the
transition rate, as expected. The overall effect on the total neutralization rate
of He™ on Al is not so large, however, as shown in Fig. 6.6 [46], because there
is a compensation when integrating over w, but such a compensation might
not hold in other systems.

The same approach has been used by Cazalilla et al. [47]. These authors
refine the theory by including the possible tunneling of metal electrons to the
2s-levels of He. They found that the neutralization rate is not much affected in
the region of distances between ion and surface where neutralization occurs.

Other calculations of the plasmon assisted neutralization process [48] im-
prove on the atomic wave functions of He but use an interaction potential
with a spatial dependence only appropriate for very large distances between
ion and solid. In addition, the approach only describe an undamped surface
plasmon decoupled from electron-hole pair excitation and thus overestimates
the plasmon neutralization channel.

The plasmon excitations seen in the neutralization of slow (v < vp) rare
gas ions at surfaces can also occur for fast ions. For Al and Mg, stationary
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protons cannot excite volume plasmons since I’ ~ 11.6 eV is insufficient.
For moving protons, the velocity distribution of valence electrons is Doppler
shifted in the frame of the ion, increasing the maximum energy release ac-
companying neutralization by AE, = mvvp +1/amo? [32]. The shift may then
enable neutralization, effectively increasing the potential energy available for
electron capture. Also contributing is the broadening §F = v, /a caused by
the finite time the ion spends near the surface, where a is the width of the
tail of electron density spilling outside the surface, and v, the ion velocity
normal to the surface. Although the argument is being used specifically for
ion-surface collisions, it is actually the same occurring in plasmon-assisted
electron capture inside the solid. In the atomic picture, the broadening oc-
curs due to the finite collision time, and the transition probability peaks at
the velocity v ~ ha/AFE (the Massey criterion), where AFE is the adiabatic
energy defect in an electron capture collision.

6.2.3 Electron Energy Distributions

As mentioned, potential excitation of plasmons competes with Auger elec-
tron emission due to Auger capture and with Auger deexcitation of excited
atoms [49]. The characteristic energy distribution of the plasmon decay elec-
trons allows their separation from the electrons originating from those Auger
processes, from direct excitation in ion-atom and ion-electron collisions, and
Auger decay of core excitations [49, 50].

The theoretical study of the spectrum of the electrons emitted in neu-
tralization is much more involved than that of the neutralization mentioned
above. It was performed by Monreal [51] for Het and Ne™ on Al The calcu-
lation is based on the fact that in the self-consistent field theory the rate at
which metallic excitations are produced by any external potential ¢ has the
following golden-rule expression:

1 o0
~(z) :47r/dEA/dQ\/2EA >
Ep kkp

/dk/f(k’)\(kA\¢50F|k’>|26(EA —Ew —E,+E,) (6.13)

Where |ka) and |k’) are one-electron states representing the excited Auger
electron of energy E 4 and the hole left behind with energy Ej/ respectively,
df? is the differential of solid angle and the total potential producing the
excitation is just the sum of the “external potential” @ of Eq. (6.12) plus the
potential induced in the metal (see Eqgs. (1.14)—(1.16) of Chap. 1), that is:

2T
Pscr(laz) = Bllq,z) + = / i

x/dzgx(q,w,zth) el @k, q,20)  (6.14)
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Fig. 6.7. Derivative of the energy distribution of electrons emitted by Ne™t from Al
calculated at different distance from the jellium edge indicated in the figure using a
hydrogenic model of the atom. The energy scale is with respect to the Fermi level
and normalized to the bulk plasmon energy, wp

In this way, the integrand of Eq. (6.13) gives the number of excited elec-
trons with energy E 4 within a solid angle df2 that is calculated consistently
with the neutralization rate. As we said above, surface plasmons are Landau-
damped and can show up in electron emission spectra. The results of this
calculation show that the dip in the derivative of the electron spectra does
not depend on the ionization potential (Fig. 6.7) and that the minima are due
to the excitation of surface plasmons, which are the only surface modes that
the simple model surface used in the calculation can sustain, since multipole
plasmons require a gradual surface barrier. The normal surface plasmons are
excited mainly at the short distances where the ions are neutralized and have
high parallel momentum ¢ (typically ¢ ~ gr/2). Even though the calculations
shown in Fig. 6.8 are in good agreement with experiments for Net on Al, there
is the need of further theoretical studies using a more realistic surface barrier
that allows for both monopole and multipole plasmons, in the same way as
was done for the total neutralization rate. The possibility that the observed
plasmons are mSP is suggesting by the idea that the density fluctuation of
the mSP has dipole character [2] and could couple more easily with the sur-
face dipole formed by the incoming ion and its image charge, that rapidly
disappears upon neutralization (the image charge transfers to the ion and the
incoming hole transfers to the solid).
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Fig. 6.8. Derivative of the energy distribution of electrons emitted by Ne™ from
Al calculated at 1 a.u. from the Al jellium edge, from the results of Fig. 6.7, using
an additional Gaussian broadening of 1 eV to take into account of the experimental
energy resolution. The energy scale is referred to the vacuum level

We note here that an additional mechanism for potential plasmon exci-
tation is possible during the redistribution of charge that occurs during the
deexcitation of an atom or ion at a surface, if it occurs fast enough (currently
unknown). The resonant condition is achieved when the energy difference be-
tween the (broadened) atomic levels equals the plasmon energy [52]. This ex-
citation transfer (Fig. 6.4) may contribute to the decay of the excited cloud of
the “hollow atom” that forms when a multiply charged ion captures electrons
from a surface.

It was argued theoretically that significant volume plasmon excitation
could occur by ezternal charges not too distant from the surface [53]. How-
ever, in core level photoemission of adsorbates, where both the hole and the
emitted electron remain outside the surface, only low ¢ SP are excited.

6.2.4 Secondary Processes

Mechanisms that can excite volume plasmons at velocities lower than vy, Eq.
(6.3) were first discussed by Ritzau et al. [32]. These are: (a) the effect of
finite width of plasmons that allows lower energy excitations with energies
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lower than E,(¢ = 0), (b) second-order electronic processes, (c) absorption
of momentum by lattice atoms by an Umklapp process, (d) the increase in
neutralization energy in potential excitation afforded by the shift in target
electron energy in the projectile frame (discussed at the end of Sect. 2B), and
(e) excitation by electrons faster than the projectile.

Ritzau et al. [32] considered processes (a)—(c) for protons on Al and Mg
and concluded that they are unlikely. Nevertheless, the idea of absorption
of momentum by lattice atoms was retaken by von Someren et al. [54], to
explain prominent peaks in the energy distribution of electrons emitted in
grazing collisions of 26 keV protons with Al (111) surfaces. The structure
was attributed to plasmons, but this assignment cannot go over the objection
that the electron energies are too large for plasmon decay; they extend to
more than 20 eV for 6 keV protons. As discussed in Sect. 6.4.1 below, the
explanation of these peaks is electron diffraction.

The most likely sub-threshold mechanism for protons is the indirect plas-
mon excitation by fast secondary electrons produced in binary proton-electron
interactions [32]. The minimum energy that an electron must have to excite a
volume plasmon is 23 eV for Al and 17 eV for Mg, measured from the Fermi
level, when calculated for an electron gas model in the RPA. This mechanism
cannot be easily verified by correlating, in a given electron energy spectrum,
the number of plasmon decay electrons and the number of electrons ejected
with sufficient energy to excite a plasmon. This is because the path of the
fast electrons near the surface, which can be affected by the angle of ion in-
cidence [55], is undetermined. In addition, the correlation may be misleading
since the fast emitted electrons represent only a tiny fraction of the total
number of fast electrons moving inside the solid, due to the small escape
depths (~1-2 nm). In particular, most of the electrons that have excited plas-
mons (and thus lost energy) will appear in the low energy part of the energy
spectrum. Rather, one may calculate the energy distribution of fast electrons
inside the solid from that of ejected electrons plus a model for attenuation and
escape [32] or do a full theoretical estimate that includes the calculation of
the initial distribution of electrons ejected in binary collisions and a transport
calculation [56]. The results of both methods differ, not surprisingly given the
approximations needed in both cases.

Plasmon excitation by fast electrons from binary collisions requires a
threshold velocity, because the maximum energy transfer from a proton to
an electron at the Fermi level, 2mv(v + vp) [57] must lead to a final electron
energy exceeding the minimum required for plasmon excitation. The value of
this threshold vy, is 0.74 (0.64) x 10% cm/s for Al (Mg), quite lower than vy,
for direct excitation, and corresponds to 2.9 (2.1) keV/amu.
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6.3 Experimental Techniques
for Studying Plasmon Excitation and Decay

In the case of electron impact, plasmon excitation is typically studied by mea-
suring the characteristic energy losses of the electrons reflected from surfaces
or transmitted through thin films. The assumption is made that broad energy
loss peaks, resembling resonances, are due to the excitation of plasmons, if
there is agreement with some theoretically predicted value of the energy loss.
Outside from the case of nearly-free electron metals, it is not normally unclear
how to distinguish between plasmons and interband transitions. As an exam-
ple, the literature abounds on the assumption that water has a plasmon peak
in energy loss at around 21 eV, but this assignment is ruled out by studying
the effect of incident electron energy [58].

The energy loss technique is not easily available for ions due to the masking
effect of energy losses in momentum transfer collisions with target atoms.
It may be possible to circumvent this problem by using channeling or by
having glancing ion-surface collisions over regions of limited extent. Given
this limitations, plasmon excitation is inferred from the emission of electrons
and photons when the plasmon decay, a method available for other forms of
excitations as well.

6.3.1 Energy Distribution of Plasmon-Decay Electrons

The first detailed analysis of energy distribution of electrons from plasmon
decay is by Chung and Everhart [18] using electron impact on Aluminum.
The analysis assumes that the energy of the plasmon is given to a valence
electron (with momentum taken up by the lattice) with equal probability
across the valence band. Thus, in a free-electron model, the energy distribu-
tion of electrons from plasmon decay is the density of states (DOS) displaced
by the plasmon energy E,, convoluted with the lifetime energy broadening
of the plasmon. The energy distribution is then affected by electron-electron
scattering (although this is not very important at small energy losses) and by
the energy-dependent probability P(E) of transmission through the surface
barrier. P(E) in turn depends on the angular distribution of electrons and
diffraction effects, and thus is generally not known, although some approxi-
mations exist [49].

The plasmon yields are obtained from the derivative of the energy dis-
tribution dN/dE, by subtracting a background in the region 6-16 eV and
integrating the plasmon dip [See also discussion in Ref. [59]]. The procedure
to obtain absolute yields of plasmon decay electrons is discussed by Stolterfoht
et al. [20].

A new development, the deconvolution of spectral features using the tech-
nique of factor analysis [60] hold the promise of circumventing the need to
make approximations to extract the profile of plasmon decay electrons.
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6.4 Experimental Results

6.4.1 Dependence on Type of Solid

Experiments with slow He™ ions on Al and Mg, allow an unequivocal assign-
ment of the spectra features to plasmon decay, rather than AN. First, the
difference between the high-energy edge of the two distributions (Fig. 6.3)
is I' — E, — ¢ which indicates that a general way to separate the plasmon
decay structure from that of AN is to use incident ions with very different I,
such as He', NeT, and Ar*. In addition, the width of the high-energy edge
in AN depends on ion velocity normal to the surface [49, 61, 62], while that
of plasmon decay is nearly fixed, determined by the plasmon lifetime plus a
possible dispersion with ¢. From these arguments, it is clear that the promi-
nent plasmon shoulder that appears for impact with He™ and Ne™ ions (and
fast electrons), but not with Ar* ions (Fig. 6.3), cannot be attributed to AN
involving structure in the density of valence states [63], since its energy is not
correlated with I, and is not broadened by increasing the ion velocity. For
slow He' ions on Al and Mg, plasmon decay is more important than AN; this
is more clearly seen for Mg in Fig. 6.9, where the different groups of electrons
are well separated in energy, and allow the determination of each component
with a simple model [64]. For Be, only AN is seen in Fig. 6.3 (the structure
shifts with the potential energy of the ion), probably due to the relatively
large plasmon width.

A few experiments have investigated the effect of adsorption on the elec-
tron spectra. The sensitivity of the measured plasmon structure to slight ce-
siation or oxidation of the surface [15] is a very strong confirmation that the
excitations are indeed surface plasmons. The fact that oxidation suppresses
plasmon assisted neutralization, rather than just shift the plasmon energy, as
measured with primary electrons [65] indicates that the role of oxygen is to
suppress the creation of plasmons under ion impact.

Experiments of ion-induced electron emission with single crystal targets,
under conditions of narrow detection angle produce energy distributions with
pronounced diffraction peaks [66, 67], which have been mistakenly attributed
to plasmon decay in keV proton collisions with Al(111) [68], as demonstrated
in the comparison of electron spectra from single- and poly-crystalline targets
[69] and in the absence of the peaks when using large solid angle of collection
of electrons from Al(111) [15].

6.4.2 Dependence on Type of Projectile

The first study by Baragiola and Dukes [37] used 50 eV-4.5 keV He™, NeTand
Ar™ ions on poly-crystalline Al and Mg and established the importance of the
potential energy of the projectile, which must be larger than the plasmon en-
ergy. Eder et al. studied plasmon excitation by H*, HJ , He™, Net, Ne?*  Art
and Ar?T ions below 10 keV on clean poly- and mono-crystalline Al surfaces.
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Fig. 6.9. Top: The energy spectrum of electrons ejected from Mg by 460 Het eV
ions is reproduced by the sum of three contributions: collision cascade (Nk), plasmon
decay (Np) and Auger neutralization (NAN). Bottom: Derivative of the experimental
and the calculated spectra. From [64]

Only Het, Net, Ne?*, and Ar?* were energetically capable of exciting plas-
mons by neutralization on the surface. Other experiments have reiterated that
plasmon excitation by keV heavy ions on Al is produced by Auger electrons
from the decay of Al-2p holes excited by electron promotion in binary atomic
collisions [60, 70].

Plasmon excitation has been studied as a function of the incident charge
n of Ne ions [20, 71-73], with the result that the plasmon decay intensity
increases with charge state n and saturates around n = 5,6. In this case,
plasmons are produced indirectly in the bulk by fast secondary electrons, and
the plasmon decay energy corresponds to volume plasmons. Further studies
using Ne** ions showed, in addition to the excitation of volume plasmons, that
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Fig. 6.10. Electron yields measured for 4 keV Ne*T impact on Al vs. electron
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L-Auger transitions filling a vacancy in the L-shell of Al. The peaks labeled Ne2*,
Ne3*, Ned4* are due to L-Auger transitions in hollow Ne with, respectively, 2, 3 and
4 vacancies in the L-shell. From Stolterfoht et al. [74]

of monopole surface plasmons, again attributed to fast secondary electrons
(Fig. 6.10) [74].

6.4.3 Dependence on Incident Energy

Experiments show that the intensity of the plasmon decay structure, where it
is observed, is independent of impact energy at low energies. This is character-
istic of a potential emission mechanism, enabled by the neutralization energy
of the incoming projectile. In this case, the peak in the derivative spectra
corresponds to an energy about 1 eV below the energy of the bulk plasmon,
but too large to be a shifter (high momentum) monopole surface plasmon.
For this reason, the plasmons have been assigned to multipole modes, or mSP
(multipole surface plasmons). At energies larger than about 1 keV, the spectra
of Al and Mg show, for all ions studied so far, a plasmon that appears at en-
ergies consistent with volume plasmons, such as observed by electron impact
excitation. This independence of ion type shows that the excitation is not
produced by neutralization, but by an indirect mechanism through fast sec-
ondary electrons produced during penetration. The transition between surface
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and bulk excitation is illustrated in experiments with Het and Ne*tprojectiles
on Al and Mg. One observes an apparent shift in the plasmon energy with
projectile energy, as shown in Figs. 6.11 and 6.12 for He* on Mg [37]. A care-
ful analysis of electron energy spectra [64, 75, 76] allowed separation of the
contribution of SP and VP allowing to ascertain that the excitation of SP
be nearly constant or slightly decrease with projectile energy, while that of
VP increased from a threshold at ~1 keV. An independent method yields a
similar threshold for Ne™ on Al (Figs. 6.13 and Figs. 6.14)

Kinetic excitation of plasmons can occur by a variety of mechanisms, as
discussed above: direct Coulomb mechanism, by projectile neutralization, en-
abled or enhanced by the Doppler effect or by energetic electrons traveling
inside the solid. For Art ions on Al, the first two mechanisms have an onset
of 1.6 MeV and 8 keV, respectively. Therefore, plasmon excitation between a
threshold at ~1 keV [37, 77] and 8 keV is attributed to energetic secondary
electrons, such as those resulting from the Auger decay of 2p vacancies [78]
(e.g., 72.7 €V above Ep for AI-LVV Auger electrons).

6.4.4 Angular Dependences

Riccardi et al. [79] showed that for Ne™ on Al, the plasmon intensity is in-
dependent of incidence angle at 1 keV, but increases rapidly with angle at
5 keV. These two contrasting behaviors are consistent with the dominance of
potential electron emission(occurring outside the solid) at low energies and
of kinetic electron emission (occurring mainly inside) at the higher impact
energies [49]. For Ne*t ions on Al, where plasmons are excited mainly by sec-
ondary electrons, Stolterfoht et al. [80] finds that the dependence of plasmon
intensity on incidence angle has two components, one prominent at glancing
incidence, attributed to Auger processes above the surface, and one dominant
at larger angles of incidence, attributed to Auger electrons produced inside
the solid by penetrating ions.

Regarding the angular distribution of electrons from plasmon decay, the
only observations are for volume plasmons excited by secondary electrons [20,
59], which yield a cosine distribution, which is characteristic of a source of
electrons below the surface.

6.5 Summary, Outlook, and Open Questions

In the last few years, results produced in different laboratories on mechanisms
for plasmon excitation in ion-surface collisions consistently show that potential
excitation can occur during apparently adiabatic conditions (slow ion motion)
because the energy and high frequencies required for excitations are provided
by the fast capture of a surface electron. This type of excitation can be tuned
by choosing projectile ions of different potential energy. Moreover, by choos-
ing sufficiently low perpendicular velocity to prevent penetration, slow ions
become the only known way of exciting plasmons purely outside solids.
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Plasmon and Auger neutralization are separable by their distinct energy
distributions and also, in principle, by their different time dependence (Auger
emission occurs promptly during neutralization, whereas plasmon decay is de-
layed by the plasmon lifetime.) The energy separation is very clear in Mg due
to the relatively small difference between its plasmon energy and the work
function, and serves to show that neutralization leads preferentially to plas-
mon shake-up rather than to an Auger electron. A further difference between
Auger and plasmon processes is that the electron energy distribution in AN
broadens strongly when changing the velocity of the ion perpendicular to the
surface while that from plasmon decay is determined by the solid and depends
only slightly on excitation conditions.
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Plasmons excited outside the surface by the potential mechanism are most
likely surface modes, as judged by their sensitivity to surface conditions. They
can be either multipole surface plasmons or high ¢ monopole surface plasmons,
a question that is still unresolved. Plasmon excitation is predicted to dominate
neutralization when it is energetically allowed, and thus may be relevant in
secondary ion mass spectrometry, and electron stimulated desorption of ions
from surfaces.

In the impact regime where kinetic electron emission is important, plas-
mons can be produced additionally by fast secondary electrons inside the solid,
e.g., Auger and binary electrons with energies above the threshold for plasmon
excitation. Fast secondary electrons are responsible for the sub-threshold plas-
mon excitation by protons, for the kinetic plasmon excitation by keV Ne and
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Fig. 6.14. Intensity of plasmon decay electrons for Net on polycrystalline Al at 12°
grazing incidence. The intensity is derived from the strength in dN/dE in Fig. 6.13,
after background subtraction. From Ref. [37]

Ar ions, and likely dominates plasmon excitation observed in the interaction
of multiply charged ions with solids.
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Slow Ion-Induced Electron Emission
from Thin Insulating Films

P.A. Zeijlmans van Emmichoven and Y.T. Matulevich

7.1 Introduction

Thin insulating films are known to be excellent electron emitters. They are
widely applied as cover material for conductive electrodes in devices where the
performance critically depends on the secondary electron emission yield. Well
known examples are Micro Channel Plates [1] and Plasma Display Panels [2].
In recent years, a lot of research has been devoted to find stable materials with
the highest possible electron yield and to study the underlying mechanisms for
electron emission. In spite of these research efforts, the emission mechanisms
are not yet understood in detail and research continues.

In this chapter, we give an overview of the present understanding of slow
ion-induced electron emission from thin insulating films. We mainly focus on
those research results that are relevant for Plasma Display Panels (PDPs),
thereby limiting ourselves to slow noble-gas ions and to specific materials.
With “slow” we mean that the ions have kinetic energies of tens of an eV. In
industries, research groups have carried out many experiments to find stable
materials with the highest possible electron yield. They mainly focussed on
metal oxides and in particular on MgO, widely used in present-day PDPs.
The most important results will be presented in this chapter. At the same
time, significant research activities took place at universities and in research
laboratories to study the fundamental processes occurring in ion-insulator col-
lisions. As opposed to metals, many of the phenomena are not yet very well
understood. The poor conductivity of the insulators causes well-controlled
experiments to be more complicated to carry out. In addition, the different
band structure of insulators enables other ways for energy deposition, thereby
opening other channels for neutralization of the incoming ions. A lot of the
experiments have been carried out on surfaces of the alkali halides and in
particular on LiF. The results that are of importance for understanding the
electron emission under conditions as in PDPs will be presented in this chapter
as well. Only very recently, in collaborations between industries and universi-
ties, well-controlled studies on MgO have been carried out. Although progress

P.A. Zeijlmans van Emmichoven and Y.T. Matulevich: Slow Ion-Induced Electron Emission
from Thin Insulating Films, STMP 225, 213-239 (2007)
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has been made, it will also be shown that for revealing the details of the
electron emission induced by ions further studies are required.

In Sect. 7.2, we start out with a brief introduction on the role of insulat-
ing films in PDPs. The relationship between firing voltage of a discharge cell
and total electron yield of the protective insulating film will be discussed. In
Sect. 7.3, some fundamental aspects of the interactions between an ion and an
insulator will be discussed. The shift of the atomic energy levels of an ion in
front of a surface will be considered as well as the channels via which a slow ion
can be neutralized. The contents of this section comprises mostly the results
of research activities of slow ions interacting with the alkali halides. Based on
these results, a simple diagram will be constructed for the anticipated neu-
tralization of ions interacting with MgO. In Sect. 7.4, a brief overview will be
given of the experimental results of the electron emission from MgO thin films:
results from experiments performed in discharge cells as well as results from
ion-beam experiments. In discharge-cell experiments, the results are obtained
under conditions close to those in actual PDPs. Experiments with well-defined
ion beams, on the other hand, are far away from such conditions. It will be
shown that these experiments lead to a more fundamental understanding of
the electron-emission processes. In Sect. 7.5, the conclusions will be given as
well as an outlook for the future.

7.2 Role of Insulating Films in Plasma-Display Panels

Plasma Display Panels (PDPs) have been developed to achieve large, flat, and
light-weight displays. Compared to other technologies, they still have lower
brightness and they are expensive. A lot of research has been devoted to
improve the performance of PDPs and to lower their cost. The principles of
operation of PDPs has recently been described by Boeuf [2]. A PDP consists of
a matrix of discharge cells, with groups of three cells corresponding to pixels.
Each cell in a pixel contains a phosphor in one of the three primary colors,
which is excited by UV light from the discharge. Most commercial PDPs are
operated by an AC potential applied between the electrodes of the cell. The
minimum potential where the discharge starts is called the firing voltage Vy
(or breakdown voltage)®. The electrodes are decoupled from the plasma by a
dielectric layer covered with a thin insulating film. This insulating film is of
crucial importance for the performance of the cell: it provides electrons for the
plasma and it protects the dielectric layer from ion bombardment. Since MgO
is an excellent electron emitter and very stable under ion bombardment, it is
the most common material used in present-day PDPs. A schematic drawing
of a typical PDP cell is shown in Fig. 7.1.

! The value of the firing voltage V; is important for the performance of a PDP,
since it is directly related to the costs of the components and to the operating
costs.
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Fig. 7.1. Schematic drawing of a coplanar AC Plasma-Display-Panel cell. The cell
is driven by an AC potential between the ITO electrodes. MgO provides electrons
for the plasma and protects the dielectric layer from ion bombardment

In most commercial PDPs, the cells are filled with a rare-gas mixture of Ne
and Xe (with a few up to 10% of Xe). Sometimes other noble-gas species are
added [2, 3]. When a Ne/Xe cell is addressed, the discharge starts and Ne and
Xe are excited (Ne* resp. Xe*) and/or ionized (Ne™ resp. Xe™') [2, 4]. Mole-
cules are also formed in the discharge, in the ground state and in excited and
ionized states [5, 6]. Excitation of the phosphor predominantly takes place
by UV photons from de-excitation of Xe* and Xe containing molecules. It
is generally accepted that an important source of electrons for the plasma
originates in the interaction of Net with the insulating film. The Ne™ ions,
accelerated by the potential of the cathode, hit the protecting film with av-
erage kinetic energies of tens of an eV2. Electron emission for these slow ions
most likely originates in the neutralization process. The contribution of Xe™
to the emission of electrons is small, because of its significantly lower potential
energy (see also Sect. 7.4.2). It should be noted that long-lived (metastable)
Ne* and UV photons from radiative de-excitation of Ne* may also contribute
to the emission of electrons. For a cold-cathode discharge of Ar, Phelps and
Petrovié [7] have shown that the relative contributions of particles in different
states strongly depend on the discharge parameters. Although in most cases
the ions play a dominant role, contributions from particles in other states
cannot be excluded.

The firing voltage V; of a PDP is related to the secondary electron yield
of particles hitting the cathode. Assuming, at the cathode, only ions produce

2 The intensity of ions with kinetic energies of 50 eV and higher is many orders of
magnitude smaller [2].
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electrons and in the cell only electrons ionize atoms, a simple condition for
breakdown is obtained [7]

1—(e*?=1)=0 (7.1)

with « the spatial ionization coefficient, d the distance between the two elec-
trodes and +; the average number of emitted electrons per incoming ion on the
cathode. a depends on the electric field E (~ V;/d) in the discharge region
and on the gas pressure p. Using a semi-empirical relation between «, E, and
b,

afp = Ce PVP/E (7.2)

with C' and D parameters obtained from fitting « for a specific gas [8, 9], one
arrives at the relation® between V¥, pd, and ~; used by Bachmann et al. [11]

D2
Vyw— Dpd (7.3)

2
Cpd
(ln mﬁm)

Equation (7.3) shows that an increase of ; leads to a decrease of Vy. Mea-
surement of the functional dependence between V; and pd, called the Paschen
curve, can be used to determine a value for +;. This will be discussed further
in Sect. 7.4.1.

7.3 Interaction of Ions with Insulators

The interaction of ions with insulators has recently received a lot of attention.
A general overview can be found in two review papers by H. Winter [12, 13].
Interesting phenomena have been observed that are very distinct from ob-
servations at metals, such as large fractions of scattered ions in the negative
charge state [14-17], population of exciton levels in the insulator [18], and
large sputtering yields induced by multiply charged ions [19, 20]. Most of
these observations, however, have been made for ions with kinetic energies
above the threshold for kinetic processes. The discussion here will be limited
to those processes that may also play a role in slow singly charged ion-surface
interactions with ion kinetic energies of tens of an eV. For the phenomena ex-
clusively occurring at higher kinetic energies and for higher charge states, the
interested reader is referred to the cited references and to other contributions
to this book (Chaps. 1, 3, and 4).

7.3.1 Atomic Energy Level Shifts

The atomic energy levels of a slow, positive, singly charged ion approaching a
metal surface shift upwards due to the interaction between ion and its image

3 Sometimes another choice for the exponential-like dependence of « is made. This
leads to a different functional form of V; (see e.g. [10]).
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potential. For an elaborate discussion on image potentials we refer to Chap. 1
of this book. At sufficiently large distances, the static image potential V;(z)
of a positive, singly charged ion reduces to the well known classical formula

-1

Vi(z) = 1

(7.4)
with z the ion-surface distance*. For a slow, positive, singly charged ion ap-
proaching an insulator surface, the situation is more complicated. We first
consider a resonant process neutralizing the incoming ion. For the process to
take place, one of the states in the valence band has to be resonant with an
unfilled atomic state (see Fig. 7.2a). For the electron in the final state (on
the atom), not only polarization of the insulator by ionic core and captured
electron has to be considered, but also the presence of the screened hole (see
Fig. 7.2b). As pointed out by Wirtz et al. [21, 22], considering the diabatic
limit, i.e. assuming the hole stays in its original position, this leads to a strong
reduction of the upward shift and possibly even to a downward shift. For suf-
ficiently large distances, the shift V'(z, R) becomes

V(z,R) = Vp(2) + Vir(R) ~ :1 (;Zl) + Eil (;) (7.5)

with Vp(z) the polarization potential induced by ionic core and captured elec-
tron, Vi (R) the interaction between electron and screened hole, € the static
dielectric constant of the insulator, and R the ion-hole distance. Use of the
static dielectric constant is justified since only very slow ions are considered.
For LiF, with € ~ 9.1 [21, 23], V(z, R) is virtually 0 for a large range of dis-
tances®. Only very close to the surface, where the image potentials have to be
cut off, equation (7.5) does not hold anymore. The Madelung potential will
dominate and as a consequence V(z, R) becomes negative. Similar arguments
hold for MgO with e ~ 9.7 [24]. In deriving equation (7.5), it was assumed
that the hole stays in its original position. When this is not the case, in other
words when hole dynamics is fast, Vi (R) will be reduced. To our knowledge,
so far no one has taken hole dynamics into account in a proper way. For the
electron in the initial valence-band state, finally, it is important to note that
the interaction with the screened ion needs to be taken into account. This
leads to a downward shift of the valence-band level, a shift that is close to the
second term in equation (7.5) (see [21]).

We now briefly discuss an Auger process neutralizing the incoming ion. For
the time being, states in the band gap will not be considered. The condition
for the Auger process to take place is that the excited electron has sufficient
energy to escape to the conduction band (see Fig. 7.2¢). Since the energy is

4 In fact, for a metal surface, z denotes the distance between the ion and the surface
image plane.

5 This can easily be verified for z = R, i.e., when the ion is located on top of the
hole.
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Fig. 7.2. (a) One-electron energy diagram for resonant neutralization (RN) of an
ion XT. One of the states in the valence band of the insulator has to be resonant
with an unfilled atomic state. VB and CB denote valence and conduction band of
the insulator respectively, VL the vacuum level. (b) Final state in the diabatic limit
after resonant neutralization: not only polarization of the insulator by ionic core and
captured electron has to be taken into account, but also the presence of the screened
hole (h). (c¢) One-electron energy diagram for Auger neutralization (AN) of an ion
Y. One electron is captured in an unfilled atomic state, the other electron picks
up the released energy and is excited to the conduction band. (d) Final state in the
diabatic limit after an Auger process: polarization of the insulator by ionic core and
electrons as well as the presence of 2 screened holes (or a screened ‘double’ hole) has
to be taken into account
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released by capture of another electron in an unfilled atomic state, the exact
position of its energy level is again important. For the level shift, similar
arguments as in case of a resonant process hold, although the situation is
more complicated since two electrons are removed from the insulator (see
Fig. 7.2d). The electrons are removed either from two different (most likely
adjacent) sites or from the same site. When two sites are involved, the shift,
in the diabatic limit, of the final state is given by equation (7.5) with the
second term replaced by the interaction between electron and two screened
holes. In addition, an extra term appears, V},p, which describes the hole-hole
interaction. For LiF, V},;, has been determined experimentally for holes on
adjacent sites to be about 3.1 eV [25, 26]. For the electrons in the initial
valence band states, the interaction with the screened ion has to be taken into
account also leading to a downward shift. When the electrons are removed
from the same site, on the other hand, the second term in equation (7.5) has
to be replaced by the interaction between electron and a ‘double’ screened
hole. For this situation, an extra term appears in the initial state, which takes
into account the extra energy needed to remove the second electron from the
same site. For MgO, removal of two electrons from the same O center has
been considered and the extra binding energy has been estimated to be about
1.6 eV [27]. Finally, for an Auger process, use of the static dielectric constant
may not be correct, since the excited electron disappears rapidly from the
insulator. It may therefore be better to use the optic dielectric constant in
(the modified) equation (7.5).

7.3.2 Neutralization of Ions at Insulators

The neutralization of singly charged noble-gas ions at surfaces of three of the
alkali halides will be discussed. The obtained results will be used to make a
prediction on how we expect neutralization of slow noble-gas ions proceeds on
a MgO surface.

Alkali-Halide Surfaces

The alkali halides are ionic crystals that have wide band gaps of typically
10 eV, with the valence-band electrons localized at the halide ions. At ele-
vated temperatures, the ionic conductivity of these materials is known to be
sufficiently good to perform ion-beam experiments [12]. Because of the wide
band gap of the alkali halides, electrons emitted in the neutralization of singly
charged ions have very low energies. In one of the few electron studies, this
has been illustrated for 50-eV He™ incident on a thin film of LiF [28]. Scat-
tering experiments, on the other hand, in which surviving ion fractions are
determined, are very useful to get information on the neutralization of the
ions. Several experiments have been performed on single crystal surfaces.

In Fig. 7.3, a one-electron energy diagram is shown for He*, Ne™, and
Ar™ ions in front of KI, KCl, and LiF [12]. Hecht et al. [29] discuss scattering
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experiments on LiF(001) carried out at very grazing angles of incidence of
about 1° with the surface. They show that for their lowest kinetic energies of
about 1 keV, virtually no Ar™ survives the collision with the surface as op-
posed to 75% of Net and slightly less than 40% of He™. For Ar™, the atomic
energy level is close to in resonance with the valence band®, so neutralization
most likely proceeds via a resonant process. For Ne™t, resonant neutralization
is not possible since its unfilled atomic energy level is not resonant with the
valence band, whereas Auger neutralization does not seem likely since the ex-
cited electron ends up somewhere in the middle of the band gap. This explains
the large fraction of surviving Ne™ ions. Although a minority of the ions, it
needs to be explained via which channel 25% of the Ne™ ions is neutralized.
Khemliche and Roncin et al. [25, 26, 30] carried out detailed experiments,
also with keV noble-gas ions scattering off LiF(001) at very grazing angles.
The energy loss of scattered surviving ions and neutralized particles was mea-
sured in coincidence with the emitted electrons. For the survival fractions
they found similar results as Hecht et al. They have convincingly shown [25]
that neutralization of Ne™ proceeds via kinetically assisted Auger neutraliza-
tion and via the formation of electron bihole complexes, so-called trions”. The
authors found that the kinetically assisted Auger process is accompanied by
an average inelastic energy loss of the projectile of about 7.5 €V, the trion
excitation by an energy loss of about 4 eV. For the neutralization of He™,
similar processes can be invoked. The fact that for Het a larger fraction of
the ions is neutralized, is probably related to the smaller energy deficit for the
kinetically assisted processes. In [12], experimental results are also reported
for the survival of keV Ar™ from KCl and KI. For KCI, the survival probabil-
ity amounts to more than 60%. Neutralization of Ar™ can be understood in
a similar way as for Ne' and He™ on LiF: it can only proceed via kinetically
assisted processes. Whether electrons can only be excited to the conduction
band or also to trion levels has not been studied for KCI. For KI, finally, only
a small fraction of ions survives the collision with the surface (about 10%).
This is consistent with the fact that Auger neutralization of the ions can take
place virtually without any kinetic energy of the ions involved. It may also be
that trions are populated, without any involvement of the kinetic energy of
the ions.

In summary, neutralization of noble-gas ions incident on wide-band gap
alkali-halide surfaces is suppressed when neither resonant neutralization nor
Auger neutralization is energetically allowed according to a one-electron en-
ergy diagram as shown in Fig. 7.3. For keV ions, however, kinetically assisted
processes have been identified, leading to Auger neutralization of the ions,
accompanied with excitation of electrons to the conduction band and to trion

5 This also holds when the shift of the atomic level is downwards, since also the
downward shift of the valence-band states needs to be considered.

" In a trion, two holes in the valence band accomodate an excited electron [31]. In
the energy diagram shown in Fig. 7.3, the state lies within the band gap.
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Fig. 7.3. Energy levels of He, Ne, and Ar with respect to the valence and con-
duction bands of KI, KCl, and LiF. Possible defect states in the band gap are not
indicated, nor are exciton and trion levels. The atomic level shifts are drawn only
taking into account polarization of the insulator by ionic core and captured electron.
When the atomic energy level is resonant with the valence band, resonant neutral-
ization is likely to take place. Auger neutralization takes place when the excited
electron has sufficient energy to reach the conduction band. For keV ions, kineti-
cally assisted processes have been identified, leading to considerable neutralization
(see text). Reprinted from Progr. Surf. Sci., 63, H. Winter, ‘Scattering of atoms and
ions from insulator surfaces’, pp. 177-247 (2000), Copyright 2000, with permission
from Elsevier

levels. For very slow ions, with kinetic energies below 50 eV as in PDPs, on
the other hand, kinetic processes are not likely to contribute. Such slow ions
will be neutralized by Auger processes only when the excited electron has suf-
ficient energy to reach either the conduction band or a trion level. It should
finally be noted that in the discussion we have assumed that the amount of
defect states in the band gap is so low that they do not play any role in the
neutralization of the ions.

MgO Surfaces

A one-electron energy diagram of MgO is shown in Fig. 7.4. The bulk value
of the band gap of MgO is about 7.8 eV [32], which at the surface is reduced
to 6.7 eV [33]. For the affinity level of MgO several values can be found in
the literature, we used a value of 0.8 eV [34]. The valence band of MgO
consists of the O 2p electrons, with electrons in orbitals perpendicular to the
surface having a slightly different binding energy than the ones in orbitals in
the surface plane [35]. Defect states in MgO have been studied extensively,
theoretically as well as experimentally. They are not shown in the energy
diagram, nor are exciton and trion levels. For neutral and charged oxygen
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Fig. 7.4. One-electron energy diagram showing the energy levels of He™, Net, Ar™,
and Xe' with respect to the valence band of MgO. The band gap of MgO at the
surface is taken to be 6.7 eV [33], the affinity level 0.8 eV [34]. VL denotes the
vacuum level. Possible defect states in the band gap are not shown, nor are excitons
and trions. The most likely neutralization processes, resonant neutralization (RN)
for Xet and Auger neutralization (AN) for Ar™, Ne™ and He™ are also indicated

and magnesium vacancy defects (respectively F centers and V centers) we
refer to [33, 36, 37], for the presence of peroxy ions (03~) and oxygen holes
(0O7) to [38-44].

Assuming the amount of defect states is sufficiently small, neutralization
of slow noble-gas ions incident on MgO is anticipated to proceed as follows:
Xet by a resonant process, since its energy level is resonant with the valence
band; Art, Net, and He™ by Auger processes, since the excited electrons
can escape to the conduction band®. As has been well established for metal
surfaces [45-47], for MgO it is also expected that higher ionization energy of
the incoming projectiles results in emission of electrons with higher energies:
so highest energies for He™, somewhat lower for Ne™, and lowest for Art. The
total electron yield is anticipated to decrease in the same manner (so highest
yield for He™). It should finally be noted that, if they exist in MgO, Auger
processes may also lead to population of trions. If the position of the trion
level is located somewhat below the bottom of the conduction band, for Het,
Net as well as for Art the trion can be populated without involvement of
the kinetic energy of the projectile. This would reduce the total amount of
emitted electrons. Depending on the relative position of the trion level with
respect to the atomic level, slow Xe' may also be neutralized in this way.

8 Note when the energy level of Ar™ shifts upwards, Ar"™ may also be neutralized
by a resonant process.
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7.4 Experiments on Electron Emission

A brief overview will be given of the most important experimental results
obtained with discharge cells on the electron emission from MgO thin films.
A few results for other insulating materials will be addressed as well. Total
electron yields and electron energy distributions obtained with well-defined ion
beams will be presented afterwards. The focus will be on MgO films deposited
on conductive substrates. It will be discussed how the experimental results fit
in the neutralization picture outlined above.

7.4.1 Discharge Cells

In Sect. 7.2, the Paschen curve was discussed, the functional dependence be-
tween firing voltage V¢ of a discharge cell and the product pd of gas pressure p
and electrode distance d. Measurements of Paschen curves can be used to de-
termine the total electron emission yield eg. We write vog and not +;, since
in a discharge not only ions but also other particles may contribute to the
emission of electrons, and the obtained values should be regarded as (effec-
tive) averages. This method has been used by several authors for insulating
films as well as for metals (for the latter, see e.g. [48, 49]). Schematic drawings
of two discharge cells as used by Philips Research Laboratories are shown in
Fig. 7.5. Bachmann et al. [11] and van Elsbergen et al. [50] used the open-glass
cell shown in Fig. 7.5a, pumped down to UHV conditions and subsequently
filled with gas. The coatings to be tested were deposited on glass plates. The
coated plates were kept at a well defined distance by a spacer and they were
connected to two Au electrodes. The applied AC voltage V, is not equal to
the firing voltage V; of the discharge equation (7.3), since the (dielectric)
glass plates act as capacitors. The cell was therefore operated in series with
a reference capacitor. Plotting the voltage across the reference capacitor as
a function of V, results, when the plasma ignites, in a Lissajous-like figure.
V¢ can be determined from this figure. For a more elaborate description of
the method we refer to [8, 11, 51]). Vink et al. [52, 53] used the macroscopic
discharge cell shown in Fig. 7.5b, to determine the firing voltage for a series
of coatings. The dimensions of the cell are a factor of 50 larger than those
of a real PDP cell. Since the properties of the discharge cell scale with pd,
the pressure of the gas was chosen a factor of 50 smaller. The dimensions of
the macroscopic cell allow for in-situ preparation of chemically reactive ma-
terials and for measurement of the breakdown voltage under realistic PDP
conditions.

Measured Paschen curves, taken with the open-glass cell, are shown in
Fig. 7.6a. Ne was used as discharge gas. For the upper curve, the glass plates
were uncoated, for the lower curve they were coated with a MgO film. Prior
to the measurements, the MgO film was baked at 400-450 °C. The surfaces
were furthermore preconditioned by operating the cell with a 500-mbar Ne,
30-kHz sine-wave plasma discharge. Measurement of the Paschen curves was
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Fig. 7.5. Schematic drawings of two discharge cells used by Philips Research Labo-
ratories. (a) Open-glass discharge cell, used to measure Vy as a function of pd, from
which v was determined (see Fig. 7.6). The cell was operated in series with a ref-
erence capacitor (see lower part of the figure). Reprinted from Diamond and Relat.
Mater., 10, P.K. Bachmann, V. van Elsbergen, D.U. Wiechert, G. Zhong, J. Robert-
son, ‘CVD diamond: a novel high y-coating for plasma display panels?’, pp. 809-817
(2001), Copyright 2001, with permission from Elsevier. (b) Macroscopic discharge
cell, used to measure breakdown voltages for a series of chemically reactive materials
(see Fig. 7.7). Reused with permission from T.J. Vink, A.R. Balkenende, R.G.F.A.
Verbeek, H.A.M. van Hal, S.T. de Zwart, ‘Materials with a high secondary-electron
yield for use in plasma displays’, Appl. Phys. Lett., 80, pp. 2216-2218 (2002). Copy-
right 2002, American Institute of Physics

carried out with a 2-kHz sine-wave discharge using the Lissajous method. To
reproduce the shape of the theoretical Paschen curves, this frequency is about
the minimum value to be used (see [8]). Figure 7.6 also shows fits of equation
(7.3) to the experimental data, with «y; (in fact veg) the only fit parameter. The
fits reproduce the measurements quite well. It is clear that coating the glass
plates with MgO strongly enhances electron emission and reduces the firing
voltage. The Paschen curves can also be used to determine ~og as a function
of E/p ~ V;/pd, with E the field strength in the plasma during breakdown:
each data point in Fig. 7.6a corresponds to a specific value of E/p, which
can be converted to «, the spatial ionization coefficient using tabulated first
Townsend coefficients [54].7 Substituting the such-obtained value for « in the
breakdown equation (7.1) yields veg (E/p). The results are shown in Fig. 7.6b.

9 For the conversion, also equation (7.2) could have been used. The results should
be similar.
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Fig. 7.6. Measurements taken with the open-glass cell shown in Fig. 7.5a. (a)
Paschen curves for uncoated glass plates and for glass plates coated with a 500-nm
thick MgO(111) film (by electron-beam evaporation). Also indicated is the regime
where actual PDPs are operated. The experimental data are fitted to equation (7.3),
with v; (in fact veg) the only fit parameter. Coating the glass with MgO clearly in-
creases Vet and decreases the firing voltage. (b) veg as function of E/p as determined
from the measured Paschen curves (see text). Reprinted from Diamond and Relat.
Mater., 10, P.K. Bachmann, V. van Elsbergen, D.U. Wiechert, G. Zhong, J. Robert-
son, ‘CVD diamond: a novel high y-coating for plasma display panels?’, pp. 809-817
(2001), Copyright 2001, with permission from Elsevier
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The increase of Yo at low values for E/p may be related to photo-induced
electron emission [7], although it seems more likely that in this regime the
description of breakdown equation (7.1) is not sufficiently accurate.

The measurements described in [50] show that V; and veg critically depend
on the quality of the deposited MgO film as well as on its crystal face. With
preconditioning time, the authors report a decrease of the measured value of
Vr of close to 50% and an increase of g of up to a factor of 6. In some
cases, 20 hours of preconditioning was needed before constant values were
obtained. The authors furthermore report a significant dependence of veg on
the face of the MgO crystal: yeg(110) = 0.28, Yex(100) = 0.31, and e (111) =
0.5. They give several possible explanations for these differences: according
to scanning-electron-microscopy images, MgO(111) films have smaller grains
with many small tips at the surface [55], which could possibly enhance electron
emission and lower the firing voltage. An alternative explanation could be that
the differences in electron emission originate in differences in the electronic
structure of the three faces.

From the discharge experiments, as well as from the experience with ac-
tual PDPs; it is clear that MgO(111) is a very good electron emitter. Electron
emission from many other materials has been studied as well; only very few of
them seem to be as good as MgO(111). Bachmann et al. [11] report v mea-
surements for CVD (Chemical Vapor Deposition) diamond. When the surface
was H terminated, they found values of y.g = 0.5, similar as for MgO(111). In
their paper, they discuss that CVD diamond may be an alternative for MgO
for use in actual PDPs. They relate the excellent electron-emission properties
to the negative electron affinity of the material: when replacing the H termi-
nation by O, with positive electron affinity, they found a strong decrease of
Vet by more than a factor of 10. Vink et al. [53], on the other hand, measured
Vy for a series of materials using the macroscopic cell shown in Fig. 7.5b.
The materials were evaporated in-situ, either through evaporation using an
electron beam or by using a getter. The cell was subsequently filled with a
mixture of Ne with 3.5% Xe (pressure about 10 Torr). The measured firing
voltages are shown in Fig. 7.7, plotted as a function of £;***, the maximum ki-
netic energy of the emitted electrons. Ej*** was calculated from E;(Ne™), the
ionization energy of Ne (not taking into account the level shifts as discussed
in Sect. 7.3.1) and tabulated values for E, and x, band gap and electron
affinity of the material. The firing voltage of most materials follow a gen-
eral decrease with increasing E;7**. The authors present a simple, qualitative
model for Auger neutralization of the incoming ions, along the lines of the
work of Hagstrum (see e.g. [56]) and Aboelfotoh and Lorenzen [57]. In their
model, the decrease in firing voltage is simply related to a larger fraction of
electrons excited to energies above the vacuum level (leading to an increase
in 7es). The scatter at the smallest E** can be related to the details of
the neutralization process: the Auger rates critically depend on the detailed
atomic energy-level shifts, density of final states etc. The firing voltages mea-
sured for TiOy and SizN4 seem to be relatively high compared to the other
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Fig. 7.7. Measured firing voltages for a series of materials plotted as a function of
the maximum kinetic energy of the emitted electrons. The macroscopic cell shown
in Fig. 7.5b was used with a NeXe(3.5%) mixture. The cell was operated with a 50
kHz square wave signal applied to the electrodes. The decrease of firing voltage with
increasing E'™* is related to a larger fraction of electrons excited to energies above
the vacuum level (see text for details). Reused with permission from T.J. Vink, A.R.
Balkenende, R.G.F.A. Verbeek, H.A.M. van Hal, S.T. de Zwart, ‘Materials with a
high secondary-electron yield for use in plasma displays’, Appl. Phys. Lett., 80, pp.
2216-2218 (2002). Copyright 2002, American Institute of Physics

materials. The authors attribute this to their large electron affinities, making
et relatively low, since a large fraction of excited electrons ends up in states
below the vacuum level. Finally, MgO is the material still mostly used in ac-
tual PDPs. Although Fig. 7.7 may suggest that other materials could be even
better candidates, one should realize that some of them are chemically very
active whereas others are not as resistent against sputtering as MgO.

7.4.2 Ton-Beam Experiments

The advantage of using ion beams over discharge cells is that specific ions
with a certain kinetic energy can be used. The results obtained are thus more
detailed and may lead to a more fundamental understanding of the mecha-
nisms underlying the emission of electrons. Most of the studies so far have
concentrated on total electron emission yields 7, lesser on electron energy
distributions. A major problem in all experiments is the charging of the insu-
lating films, to which especially low-energy electrons are very sensitive. Moon
et al. [58], e.g., discuss y-measurements for low-energy noble-gas ions inci-
dent on thin (50-500 nm) polycrystalline MgO films. In as-deposited films,
they found large instabilities in the measured currents, which they attribute
to liberation of electrons trapped in defect states above the Fermi level: ion
bombardment leads to charging and thus to an electric field across the film,
possibly resulting in field emission of the trapped electrons. Prolonged ion
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Fig. 7.8. Secondary electron emission yield J, obtained with a primary electron
beam normally incident on SiO2 films of various thickness on a conductive Si sub-
strate. The double-hump structure for the thicker films is indicative of charging and
can be removed by applying a negative potential to the Si substrate. Reprinted from
Thin Solid Films, 397, W. Yi, T. Jeong, SG. Yu, J. Lee, S. Jin, J. Heo, J.M. Kim,
‘Study of the secondary-electron emission from thermally grown SiOz films on Si’,
pp. 170-175 (2001), Copyright 2001, with permission from Elsevier

bombardment!'® and in addition annealing of the film to 450°C was shown to

remove the instabilities.

Beams of electrons have frequently been used to study charging phenom-
ena in detail. In several studies (e.g. [59-62]), charging was shown to have a
direct effect on the secondary-electron-emission yield §'!. Yi et al. [59] present
results for an electron beam normally incident on thin SiOs films deposited
on a conductive Si substrate. For the thicker films, they unambiguously show
that charging occurs. An example of their results is shown in Fig. 7.8. For
the thinnest films, the measurements show the characteristic functional de-
pendence of 6 on primary electron energy. For films with thickness larger than
43 nm, a double-hump structure is observed, which the authors attribute to
charging. The authors propose that for primary electron energies of around
1000 eV (in between the two humps), the bulk of the secondary electrons and
the remaining positive holes are created far away from the conductive Si sub-
strate. The finite lifetime of the positive holes seems to lead to ‘recapture’ of
secondary electrons, thereby reducing §. The authors also showed that appli-
cation of a large negative potential to the Si substrate, of the order of —1000 V,
led to the removal of the double-hump structure. The authors propose that

10 The authors do not report the fluence of the ion beam. They show that the
instabilities disappear after about 30 minutes and mention that the fluence needed
is roughly proportional to layer thickness.

' For primary electrons, the yield is normally indicated by 6§ = I, /I, with I, the
primary electron current and I the secondary electron current.
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this negative bias potential increases the tunneling probability of electrons
between conductive substrate and SiOs layer, thereby removing the positive
holes. Similar results have been obtained for MgO films on a conductive Si
substrate [60].

Total Electron Emission Yield

The remainder of this chapter will be devoted to ion-induced electron emission
from MgO. The above experiments illustrate that special precautions have to
be taken to prevent charging. Simply heating the sample to a few hundred
°C, as used for the alkali halides [26], is not enough to sufficiently increase
the ionic conductivity of MgO. In stead, researchers have used pulsed ion
beams [63, 64], electron-flood guns [65], focussed ion beams in combination
with scanning-area techniques [66, 67], and very thin insulating films deposited
on good conductive substrates [27]. A schematic drawing of a typical set-up for
~ measurements, as used by Moon et al. [58], is shown in Fig. 7.9a. The mass
and energy selected ion beam enters the target region through a small opening
in the collector. When biased at an appropriate positive potential with respect
to the target, the collector detects most of the secondary electrons. The total
electron yield directly follows from the measured currents: v = I/Ip with
Ic the collector current and Ip the ion-beam current. Measured values for
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Fig. 7.9. Ion-induced total electron emission yield v for a 500-nm polycrystalline
MgO film. (a) The inset shows a schematic drawing of the experimental set-up used.
The ion beam enters the target region through a small opening in the collector. The
latter collects the secondary electrons when biased positively with respect to the
target. (b) Measured v for different noble-gas ions with kinetic energies ranging
from 45 eV up to 300 eV. ~ strongly increases with the ionization energy of the
projectiles and with their kinetic energy. Reused with permission from K.S. Moon,
J. Lee, K.-W. Whang, ‘Electron ejection from MgO thin films by low energy noble
gas ions: energy dependence and initial instability of the secondary electron emission
coefficient’, J. Appl. Phys., 86, 4049 (1999). Copyright 1999, American Institute of
Physics



230 P.A. Zeijlmans van Emmichoven and Y.T. Matulevich

v, for different noble-gas ions and for a range of kinetic energies, are shown
in Fig. 7.9b. The most striking features are the strong increase of v with in-
crease of the ionization energy of the projectiles and the strong increase of ~y
with projectile kinetic energy. The strong dependence on ionization energy,
in particular at the lowest kinetic energies, is a direct indication for the oc-
currence of Auger neutralization of the incoming ions (see discussion in Sect.
7.3.2, Fig. 7.4). The kinetic threshold for Ne™ and Ar™ seems to be at energies
of about 50-100 eV, for He™ at even lower energies, and for Kr™ and Xe™
at somewhat higher energies. The increase of v with ion kinetic energy has
been observed in many other experiments on MgO (see, e.g., [64, 66, 67]). The
thresholds discussed above are close to what was found in [64]: for He™, Ne™,
and Art kinetic thresholds at about 50 eV, for Krt at about 100 eV and for
XeT at about 150 eV. It is obvious that above threshold the increase of + is
caused by some kind of kinetic process. For other insulating surfaces, similar
observations have been made. For the alkali halides, e.g., kinetic processes
were discussed in terms of promotion of electrons in ion-atom collisions at the
surface [68-70] and in terms of the formation of intermediate negative ions
and subsequent loss of electrons [18, 71]. A more elaborate discussion of these
mechanisms can be found in Chap. 4 of this book. For metal oxides, kinetic
processes have been related to collisional excitation and subsequent decay of
molecular complexes [72-74]. The latter process may also lead to the emission
of negative anions, which would contribute to the measured value of 7y as well.

As discussed in Sect. 7.2, most present-day PDPs contain mixtures of
Ne and Xe. Assuming singly charged ions contribute most to the emission of
electrons, Fig. 7.9b clearly shows that the contribution from Ne™ will dominate
the one from Xe™. According to Fig. 7.9b, for kinetic energies with tens of an
eV, the v-value for Ne™ amounts to ~ 0.08. For slow Ne™ incident on MgO, a
range of values has been reported in the literature: from v = 0.05 to v = 0.45
[27, 58, 66, 67, 75]. The origin of this variation of almost an order of magnitude
is not clear. The different values cannot directly be related to the different
physical parameters used in the experiments, such as film thickness and crystal
face: although for single crystals only small values have been reported [66],
for thin films the values range from v = 0.08 (Fig. 7.9) to 0.45 [75]. Different
crystal faces, on the other hand, show variations well within a factor of two
[66, 75]. It should be noted that in most experiments the largest values were
observed for the (111) face, consistent with the results reported in [50] for a
gas discharge (see Sect. 7.5). Why then do the measured v values vary with
almost an order of magnitude? Differences in quality (especially cleanliness)
of the MgO surfaces are likely to play a role. The surfaces in the different
experiments were not identically treated: in some cases, the MgO surfaces
were exposed to ambient conditions prior to the experiments and, in addition,
not always UHV conditions were used in the experiments. For the experiments
in a gas discharge, discussed in Sect. 7.5, it has been shown that quality indeed
does have a large effect on «: upon prolonged preconditioning 7.¢ was shown
to increase by a factor of 6. Another factor that is likely to contribute to the
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observed differences, in particular for the thicker films and single crystals, is
charging of the sample. It is clear that slow (positive) ions produce positive
holes far away from the substrate. It depends on the experimental conditions,
such as ion-beam current, conductance of the insulating film, method used to
prevent charging, etc. whether or not the holes are removed sufficiently fast.
If charging occurs, one expects that this would lead to, as observed in the
experiments with primary electrons (see Fig. 7.8), a decrease of .

Electron Energy Distributions

First electron energy distributions induced by ions incident on MgO have been
measured with set-ups designed for v measurements, utilizing the retarding-
field method. Care needs to be taken with the such obtained distributions
since, depending on the specific detection geometry, their shape may be
strongly distorted. For MgO films with a thickness of about 100 nm, Ishi-
moto et al. [75] studied the maximum kinetic energy of emitted electrons for
different noble-gas ions and observed an increase going from Xe™ to Art to
Ne™. Although these observations are consistent with Auger neutralization
of the ions at the MgO films, it should be noted that the primary ions had
kinetic energies of 250 eV, i.e., above the threshold for kinetic emission. Only
recently, set-ups equipped with energy and angle dispersive electrostatic an-
alyzers have been used to carry out detailed experiments on MgO thin films
and single crystals. An example of a typical experimental set-up is shown in
Fig. 7.10.

Ton-induced electron emission from very thin films of MgO has been stud-
ied by Matulevich et al. [27, 76]. MgO(100) films were grown on a Mo(100)
substrate by evaporating Mg in an oxygen atmosphere. Thickness and crys-
tallinity of the samples were determined by low-energy ion scattering. UV
photoelectron spectroscopy with the Hel line showed only minor intensities
due to defect states in the MgO band gap. A bias potential of —7 V was
applied to the sample to also detect the lowest-energy electrons. The results
shown in Fig. 7.11 were obtained for a MgO film with a thickness of 1-5
nm, bombarded with 40 eV He™, Ne™, and Ar™ ions incident at 40° with re-
spect to the surface!? [27]. The large number of electrons at energies slightly
below 6 eV corresponds to electrons with virtually no kinetic energy at the
MgO surface that are accelerated towards the analyzer. The peaks show up
at somewhat lower energies than the applied acceleration voltage due to the
work function difference between sample and analyzer. A potential difference
of 2 V was observed between the MgO surface and the Mo substrate (with the
latter at lower potential). From the sample current and the ion-beam current
measured in a Faraday cup, the total electron emission per incoming ion was

12 In fact, since the ions are accelerated to the sample by —7 V, they have a kinetic
energy of 47 eV and are incident on the surface at an angle somewhat larger than
40°. For the present discussion this is of no importance.
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Fig. 7.10. Schematic drawing of one of the experimental set-ups used in Utrecht
for studies on ion-induced electron emission. P1 and P2 denote the two pumping
stages. The base pressure of the set-up is about 2 x 107!° mbar. The electron-
impact ion source (I) is indicated on the left and contains a Wien filter (WF) for
velocity selection of the primary ions. The main chamber contains the target (T)
and 2 electrostatic analyzers (AN1: hemispherical analyzer; AN2: double parallel
plate analyzer). The set-up also contains a time-of-flight (TOF) tube for detection
of scattered ions/neutrals. For these experiments the target has to be rotated in an
upward position

found to be: v = 0.5540.05 (He™), v = 0.4140.04 (Ne™), and v = 0.1040.01
(Art). These experimental observations are consistent with Auger neutraliza-
tion of the incoming ions at the MgO film (see also Fig. 7.4 and discussion):
highest electron energies and largest v for He™, both somewhat lower for Ne™
and lowest for Ar™. As discussed in [27], however, model simulations revealed
that the electron spectra could not be explained by Auger neutralization of
the incoming ions alone (especially the high-energy tail observed for Ar™). An
additional mechanism for electron emission was proposed: transport of holes
through the MgO film to the Mo substrate, where they are neutralized by
either a resonant or an Auger process with the latter leading to additional
electron emission.

The above described model assumes that the holes, originating in the neu-
tralization of noble-gas ions at the MgO surface and corresponding to O atoms
and/or O~ ions in the O?~ sublattice, are sufficiently mobile to move through
the MgO film to the Mo substrate. The experiments were carried out with
ion beams with an intensity of ~1-nA, sufficiently low not to charge up the
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Fig. 7.11. Electron energy distributions obtained with ~1-nA beams of 40-eV Ar™
(solid diamonds), Net (solid circles), and Het (solid squares) ions incident, in the
(100) direction at 40° with the surface, on a thin MgO(100) layer (1-5 nm thick)
deposited on a Mo(100) substrate. The size of the beam spot on the sample was ~ 5
mm?. The inset shows the experimental situation. The sample was at room temper-
ature and biased at —7 V. The energy of the electrons is given with respect to the
vacuum level of the analyzer (EA). The large number of electrons at energies slightly
below 6 eV corresponds to 0-eV electrons at the MgO surface that are accelerated
towards the analyzer. Reprinted with permission from Y.T. Matulevich, T.J. Vink,
P.A. Zeijlmans van Emmichoven, ‘Low-energy ion-induced electron emission from a
MgO(100) thin film: the role of the MgO-substrate interface’, Phys. Rev. Lett., 89,
pp. 167601 (2002). Copyright 2002 by the American Physical Society

MgO surface during the experiments'3. This means that of the order of 10%°
holes per second were produced in and removed from an area of about 5
mm? of a 1-5 nm thick MgO film. The presence of the potential difference
of 2 V between MgO surface and Mo substrate, which establishes an electric
field towards the substrate, may play a role in moving the holes to the sub-
strate. Although localization of holes and conductivity related to holes has
been addressed in several publications [38-44], these results cannot directly
be applied to the present situation: the origin of the holes is different, i.e.,

13 Although the potential difference between Mo substrate and MgO film indicates
that the MgO may contain some charges, during the experiments no further
charging took place: the low-energy peaks in Fig. 7.11, at energies slightly below
6 eV, remained in the same position during the experiments.
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they mostly originate in spurious contaminants already present in MgO. The
model proposed was further tested in an experiment with 40-eV Xet ions,
incident on slightly thicker films of MgO [76], where Auger neutralization of
the incoming ions is virtually impossible (see Fig. 7.4). Electron emission was
observed up to energies of 4-5 eV, with v = 0.03 4 0.02, consistent with the
above discussed model: resonant neutralization of Xe™ at the MgO film and
transport of the holes to the Mo substrate, where they are neutralized either
by a resonant or by an Auger process, with the latter being responsible for
the observed electron emission.

At very thin films of MgO as in the above experiments, Auger neutraliza-
tion of noble-gas ions may in principle also proceed via population of trions.
Since these states most likely lie below the vacuum level (as for LiF), this
process will not contribute to the emission of electrons and it will only lead to
a reduction of the total electron yield. Processes involving the kinetic energy
of the incoming ions, on the other hand, are not likely to contribute since
the kinetic energy of the incoming ions was very low. Other contributions
to the emission of electrons as, e.g., field emission of electrons directly from
the substrate, cannot completely be excluded with the present experiments.
To underpin the proposed model, further studies are needed, e.g., with slow
noble-gas ions incident on very thin films of MgO deposited on substrates
with different band structure.

Ton-induced electron emission from thicker MgO films has been studied by
Riccardi et al. [77, 78], from bulk MgO by Matulevich et al. [79]. In [79], first
studies on bulk MgO(110) with 60 eV He™ and Ne™ ions surprisingly revealed
the independence of measured electron energy distributions of ion type. Very
low-intensity ion beams were used in the experiments to prevent charging.
The results were soon confirmed by Riccardi et al. [77], who used He™, Ne™,
Art, and Na™ ions incident on an approximately 100-nm thick polycrystalline
MgO film deposited on a doped Si substrate. An example of their results is
shown in Fig. 7.12. They also presented an explanation for the independence
of ion type. In their experiments, the sample was biased at a potential of —4.9
V. Charging was minimized by flooding the sample with low-energy electrons
prior to the experiments and by using low-intensity ion beams. The normalized
measured spectra, obtained with 200 eV noble-gas ions and with 500 eV Na*
ions are virtually identical. The kinetic energies of the ions are certainly above
the kinetic threshold. The measured total electron yields amount to v ~ 0.2
for Het and Ne™, v ~ 0.1 for Ar*, and v ~ 0.3 for Na™. The similarity of
the measured values of v for He™ and Ne™ is in clear contrast with other
experiments (see, e.g., Fig. 7.9). To explain the independence of the measured
spectra of ion type, the authors proposed that collisions between projectiles
and O?~ ions of the MgO lead to promotion of O 2p electrons along quasi-
molecular orbitals and to subsequent population of exciton levels (a kinetic
process). Assuming the MgO film has a negative electron affinity, they argued
that the exciton levels may lie above the vacuum level [80]. This implies that
decay of excitons would lead to the emission of low-energy electrons, along
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Fig. 7.12. Normalized electron energy distributions obtained with 200 eV noble-
gas ions, 500 eV Na™ ions and 128-eV electrons incident on a 100-nm thick MgO
film on a doped Si substrate. The sample was biased at —4.9 eV. Surprisingly, the
electron energy distributions obtained with the ions are virtually independent of
ion type. Reprinted from Surf. Sci., 571, P. Riccardi, M. Ishimoto, P. Barone, R.A.
Baragiola, ‘lon-induced electron emission from MgO by exciton decay into vacuum’,
L305-L310, Copyright 2004, with permission from Elsevier

the lines of observations at negative-electron-affinity diamond after excitation
with photons [81] and electrons [82]. It should be noted that in the experiments
on diamond, exciton decay only leads to the emission of electrons with very
low energies just above the vacuum level. In [78], Riccardi et al. study the
emission of electrons from higher energy ions incident on similar MgO films.
With increasing ion kinetic energy, v was shown to drastically increase and the
electron spectra to broaden at the high-energy side. The authors proposed that
electron emission takes place via promotion of O 2p electrons directly to the
continuum as well as via population and decay of excitons. These promotion
mechanisms are similar as to what has been proposed for collisions of protons
at LiF surfaces [18, 68, 69).

In Sect. 7.3.2, it was argued that neutralization of a noble-gas ion at a
MgO surface is expected to proceed via a resonant or via an Auger process
(depending on the ionization energy of the ion). For very thin films of MgO,
electron energy distributions indeed have shown that neutralization of noble-
gas ions proceeds in this way. The experiments were carried out with ions
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with kinetic energies below 50 eV. For these low kinetic energies, neither ex-
citation and decay of excitons nor direct promotion to the continuum is likely
to give significant contributions to the overall electron emission. In electron
energy distributions obtained with noble-gas ions incident on thicker MgO
films and on bulk MgO, Auger electron emission has not yet been identified.
The experiments on thicker MgO films were carried out with kinetic energies
significantly above the kinetic threshold. The interpretation in terms of di-
rect promotion of electrons to the continuum seems plausible. Population and
decay of excitons may also contribute to the emission of electrons, although
its quantitative contribution is not yet clear. Why there are no indications of
Auger neutralization in the energy distributions remains for the time being
an open question that needs clarification.

7.5 Concluding Remarks and Outlook

Slow ion-induced electron emission from thin insulating films has been dis-
cussed. Because of its use in most present-day PDPs, the focus has been on
MgO. For slow Net incident on MgO, large differences in the total electron
yield of up to an order of magnitude have been reported. Although the origin
of these differences is not completely clear, it seems likely that the quality of
the films plays an important role. Charging effects may also contribute. The
results obtained with discharge cells largely agree with those obtained with ion
beams. Significant variations in total electron yield have been observed for dif-
ferent crystal faces of MgO, with MgO(111) giving the highest yield. Measured
electron energy distributions, obtained with noble-gas ions below the kinetic
threshold and incident on very thin films of MgO, have revealed that Auger
processes contribute to the neutralization of the incoming ions. This conclu-
sion is supported by several total-yield experiments. Surprisingly, in electron
energy distributions obtained with ions with somewhat higher kinetic energies
incident on thicker MgO films and on bulk MgO, Auger neutralization of the
ions has not yet been identified.

A systematic study of the electron emission from MgO films with a range of
thicknesses, deposited on substrates with different band structure, is needed.
Very slow ions should be used, with energies below 50 eV, to prevent, as
much as possible, kinetic effects. The thickness should be varied from a few
nanometer, where Auger neutralization has been shown to take place, up to
a few hundred nanometer, relevant for actual PDPs. The total electron yield
~v as well as electron energy distributions should both be measured. These
measurements could reveal the detailed mechanisms by which neutralization
of noble-gas ions incident on MgO proceeds, the role played by the substrate
for the very thin films, and the role played by charging for the thicker films.
As a comparison, it would help to have similar measurements for one of the
alkali-halide surfaces, for which charging can easily be prevented by heating
the sample (but preferably not LiF with its large band gap).
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Many PDPs nowadays contain MgO which is intentionally doped. It is
not clear how doping causes the firing voltage to be lowered. A systematic
study of the influence of the purity of MgO and the effect of doping on the
ion-induced electron emission would certainly be of interest.
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