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1. INTRODUCTION






One of the fundamental aims of Physics has been for many years to study the structure of
matter and the individual and collective behaviour of particles constituting matter. In particular,
the penetration of charged particles in matter has been one of the most important sources of
information regarding the constitution of matter, and the need for interpretation of this kind of
experiments has made necessary the theoretical knowledge regarding the interaction between
charged particles and matter; indeed, the theoretical and experimental investigations of this
problem have played a very important role in the development of modern physics and they
have occupied the thoughts of some of the finest physicists of this century.

Rutherford in 1911 used alpha particles with the aim of learning from the structure of the
atom, and Bohr in 1913 published a pioneering work calculating the stopping power of swift
alpha particles penetrating matter. The next decade, together with the development of Quantum
Mechanics, the quantum mechanical analysis of the interaction between charged particles and
matter had already begun.

Since these pioneering works were developed, much theoretical and experimental work
has been done regarding the interaction between ions with matter. In like manner, electrons
have also been used as a source of information about the structure of matter, particularly since
the invention of the electron microscope, the field emission and field ion microscope and the
recently developed scanning tunneling microscope, which are all based on the particle-wave
duality of matter predicted by Quantum Mechanics.

In this work some aspects of the interactions between charged particles and the electrons
constituting the condensed matter are studied theoretically, and comparisons of our results with
the available experimental data are made. With this purpose, we take the jellium model of the
solid, that is, we treat the core of the atoms as a source of stationary positive charge
background which is assumed to be uniform in density and to neutralize the negative charge of
the outer electrons; therefore, there will be considered just the interactions between electrons of
the solid. On the other hand, zero temperature will be considered, since the effects of room
temperature on the results obtained here are negligible.

In chapter 2 the scanning tunneling microscopy experiments performed under constant

conditions by other workers will be used, to study the interaction between electrons at metal



surfaces. In particular, we calculate the tunneling current between two metallic surfaces, the
resonance fenomena appearing in the field emission regime is explained carefully, and then we
are concerned with the theoretical calculation of the experimentally measured tunneling
characteristics in order to estimate the shape of the potential barrier that electrons feel when
they tunnel the vacuum region; this calculation is made for some one-dimensional models for
the tip-sample interfaces, and then our full analysis of the three-dimensional models is
presented, taking into account the tip-sample geometry. A theoretical analysis of the apparent
barrier height at a metal-vacuum-metal interface is also presented.

Chapters 3 and 4 concern some aspects of the interactions caused by the passage of swift
ions through matter. Many experiments have been performed to probe the wake potential and
electronic polarization induced by the passage of fast charged particles; in particular, in a
recently performed experiment knock-on collision electron emission from thin foils under
bombardment by molecular swift ions has been mesured as a function of the orientation of the
molecular axis of the projectile. Chapter 3 attemps to provide an interpretation of these
experimental results; firstly, linear-response theory calculations of the density fluctuations at
the position of the trailing ion are presented, as a function of the orientation of bombarding
projectiles, and, secondly, the dependence of the knock-on collision electron yield caused by
the passage of swift dimolecular ions through matter on the orientation of the moving clusters
is studied theoretically, and the multiple scattering effects are approximated within the second
Born approximation; then, the multiple scattering effects are studied using methods developed
in the theory of low energy electron diffraction (LEED).

In chapter 4 the quantum theory of radiation is used to study processes involving the
emission of photons accompanying electron capture by swift channeled ions in solids, and an
interpretation of recent experimental data is presented, using a local density approximation.

In chapter 5 our conclusions are presented.

Unless otherwise stated, atomic units are used throughout. In this units system 7 = m, =
€2 = 1, where 7, m, and e are the reduced Planck’s constant (% = h/2x), the mass of the
electron and the absolute value of its charge, respectively. The atomic unit of length is the Bohr

radius, @y = #2/m.2 = 0.529A, the atomic unit of energy is the Hartree, 1Hartree = e%/ay =



27.2¢V, and the atomic unit of velocity, vy = & ¢ = 2.19x108 ¢m 571, where  and ¢ are the

fine structure constant and the velocity of light, respectively.






2. TUNNELING MICROSCOPE: TUNNELING SPECTROSCOPY






2.1. Introduction

It is well known that according to Quantum Mechanics quantum objects can tunnel through
classically forbidden regions of space where the particle potential energy exceeds its total
energy. Therefore, elementary particles have non-zero probability of tunneling through
potential barriers created by nuclear and atomic forces, as it has been shown experimentally.

Indeed, as soon as Schrodinger! had published his papers on Quantum Mechanics,
Oppenheimer? and Gamow? used the quantum mechanical concept of tunneling to explain the
autoionization of atomic hydrogen and the « particle decay process in heavy nuclei,
respectively. In like manner, Fowler and Nordheim* explained the phenomenon of electron
emission from cold metals upon the application of strong external electric fields; the invention
of the field emission microscope’ and the field-ion microscope® made this process a very
useful experimental technique.

Since these pioneering studies, many devices have been designed using the capability of
quantum objects to penetrate potential barriers. However, it has been necessary to wait for
several years until vacuum barrier tunneling experiments have been performed’-19; finally, in
1981 Binnig and Rohrer developed methods of gently bringing a sharp tip up to a surface and
controlling the tunneling current between them, and succeeded designing the scanning
tunneling microscope (STM)11-14, obtaining topographs of surfaces that showed atomic
structure.

The potential barriers created by the nuclei in the interior of metals are quenched, as shown
in fig. 2.1a, and valence electrons move freely in the conduction bands. At the surface the
potential rises on the vacuum side forming the tunneling barrier; however, as this potential
barrier is finite, the wave function of valence electrons extends into the vacuum, that is,
electrons have a small but non-vanishing probability of being found just outside the metal
surface. Now, if another metal is brought very close to the surface of the conducting material
and an electrical voltage is applied between both metals, a tunneling current will flow across
the gap between them, as shown in fig. 2.1b. Assuming that the electrodes are in equilibrium

with each other, the Fermi levels of the two electrodes will be equalld and, thus, at zero
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temperature it is necessary to apply a non-zero bias voltage between them, so as to provide
empty states on the positively biased electrode for electrons tunneling from the negative

electrode.

(a) (b)

Fig. 2.1. a) Potential energy of electrons at a metallic surface; Eg and @ represent the Fermi energy and the
work function of the metal, respectively. b) Potential barrier at a metal-vacuum-metal interface; V, represents

the voltage applied between the metals, and E is the energy of a tunneling electron,

It is well known that the magnitude of the tunneling current is extremely sensitive to gap
spacing; indeed, with work functions of a few electronvolts the tunneling current typically
decreases by one order of magnitude for every angstrom of increase in gap spacing.
Consequently, if a needle-like probe, the tip, is scanned across a sample while its distance
from the surface is adjusted to keep a constant tunneling current, the recorded trajectory of the
tip gives a topograph of the surface!$, as shown in fig. 2.2. Furthermore, the very high fields
obtainable with vacuum tunneling at a few volts can be used to shape the tip as shown in fig.
2.3, and lateral atomic resolution may be achieved, since the tunneling effective area between
sharp tips and the sample becomes very small.

In addition to the conventional use of the scanning tunneling microscope, that is,
obtention of topographic images of surfaces with atomic resolution!7-19, it has been proved to
be a useful tool to provide a measure of the barrier height that electrons see when tunneling
between two solids and to obtain knowledge of the quantum mechanical interaction potential
between tunneling electrons and surfaces, when the tip is displaced in the perpendicular

direction to the surface keeping either I or V, constant20-24, In particular, from the
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experimental tunneling current or voltage dependence with the interelectrode separation the

barrier height may be obtained as a function of separation?1-22,

Fig. 2.2. Principle of operation of the scanning tunneling microscope (from ref. 13).

Fig. 2.3. Atoms of the tip and sample (from ref. 14).

When the applied voltage exceeds the work function of the positively biased electrode, as

shown in fig. 2.4, electrons tunnel from filled states on the negative electrode into the vacuum



12

and are then accelerated in the positive kinetic-region into the positive electrode. For such high
voltages the STM operates in the field emission mode, and the electron standing waves that are
partially confined in the positive kinetic-energy region of the vacuum gap can be observed
experimentally24-27, If this region were embedded in an infinitely high barrier, it would have
bound levels, an these will broaden and turn into transmission resonances when the barrier is
finite. Hence, as the voltage gets bigger additional resonant levels incorporate to the allowed
energy region of tunneling electrons, and oscillations in the field emission current may be
experimentally detected as bias is varied. On the other hand, the structure of these oscillations
is very sensitive to the height and width of the barrier and also to its shape in the proximity of
the positively biased surface, and resonant tunneling is, therefore, an obvious probe of surface
potentials and the barrier that electrons feel when they tunnel a metal-vacuum-metal

interface?28-39,

Fig. 2.4. Field emission tunneling into vacuum (from J. Gimzewski, Physics World 225 (1989)).

In section 2.2 the tunneling current between planar electrodes is derived very briefly, and
the reliability of the still used WKB mean barrier approximations in calculating the current is
critically examined; these are not original results, but, on the one hand, the formulas presented
here are used through the whole chapter and, on the other hand, an understanding of the
reliability of the mean barrier approximations is necessary to clarify the existing controversy
about the contribution of the image potential to measurements of the apparent barrier height, as

will be shown in section 2.6. In section 2.3 the origin of the experimentally observed
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oscillations appearing in the constant current mode distance-voltage, s-V,, and
conductance-voltage, d//dV,-V, characteristics is explained carefully. In section 2.4 a new 1-D
model potential barrier consistent with recent theoretical work on the barrier potential which
takes into account both local and non-local exchange and correlation effects is studied in
detail??-30, In section 2.5 a 3-D analysis of the s-V, and dI/dV,-V, characteristics is made and
the radius of the tip is investigated?. In section 2.6 an analysis of the apparent barrier height
in STM, defined in terms of the rate of change of the logarithm of the current or bias voltage
with interelectrode separation, is made, as a function of separation, for different model
potentials3!; in particular, the existent controversy about the contribution of the image potential
to measurements of the apparent barrier height is clarified and the role that the image potential

plays in lowering the apparent barrier height is investigated. Finally, references are given.
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2.2.Tunneling current

In order to calculate the tunneling current flowing across the gap between the tip and the
sample constituting the scanning tunneling microscope, different approximate methods have
been utilized. On the one hand, the transfer-hamiltonian formalism developed by Bardeen32
has been used33-37, especially for small voltages; in this approach tunneling is viewed as
resulting from transitions between weakly overlapping unperturbed states of the two
electrodes, and the tunneling current is calculated by first-order perturbation theory. Lang38-40
has used similar methods to calculate the tunneling current in terms of the wave functions
determined self-consistently for each electrode. On the other hand, tunneling currents have
been calculated in the free electron gas approximation by solving the Schrédinger equation for
the tip-sample interface4!-43, Here we are interested in deducing from experimental data the
shape of the surface potential, so that tunneling currents will be calculated following a free
electron gas approximation.

In this section an independent-electron model of the electrodes is used and two metallic
semi-infinite electrodes, L and R, with planar and parallel surfaces separated by vacuum are
considered. z axis is taken to be perpendicular to both surfaces, with the L electrode occupying
the z < 0 half-space.

Neglecting the interactions between tunneling electrons, the total tunneling current density
is just the sum of the current density contributions from each electronic state of the
metal-vacuum-metal system; therefore, accounting for the additional states produced by the

two electron spin orientations, the current density flowing from L to R is given by

J L g=2 Z J (k) [ fE) - f(E-i-Va)] : 2.1
k

when a positive polarity voltage is connected to electrode R. In this expression, J,(k) is the z

component of the current density of electrons with momentum k:

1

J (k) = 7 DE)) k 2-2)

A kl

where V is the normalization volume of the system, and D(E,), the transmission probability of
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electrons with energy E,, which may be obtained solving the one-dimensional
time-independent Schrédinger equation*’. We define E, as the z component of the incident

electron energy

E_1ﬁ+U

sk +U 2.3)

U, being the bulk inner potential of the electrode L, and f(E) is the Fermi-Dirac distribution

fE)=]1+exp ( )] (2.4)

where E is the energy of the electron, Eg. is the Fermi energy, kg is Boltzman’s constant and T
is the system temperature.
The volume of k-space per allowed k value is Ak = (27)3/V, so that in the limit as Ak —

0, i.e. V — oo, (2.1) may be rewritten as
= jdEz n(E)DE) , @2.5)

where dE, n(E,) is the number of electrons crossing the surface of electrode L per unit area and

unit time with the energy component in the z direction between E, and E,+dE,, and

n @)= [ a5 [1®-sEv)] (2.6)
2 0

E, is the energy component of the incident electron in the plane perpendicular to the z axis,
1 2
Ey=5(k-k,z2) 2.7)

z being a unit vector normal to the surfaces of the electrodes.

At a temperature of 0°K, n(E,) is given by (see fig. 2.5)

1

—V ,ULSEZS-GDL-Va
21:
n(EZ)= —--—( cD E) ,-(DL- VaSEzs -cDL (2.8)
27:
0 O <E ,
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and, hence45:46,

-q-v, q
= vaj dEzD(EZ)+J dE, (-0, -E)D(E,)|, 2.9)
2m UL -d;'_-V‘

where energies are referenced to the vacuum level of the negatively biased electrode, electrode
L, and @y, represents the work function of that electrode. Let us point out that the effect of

tenperature in typical STM experiments is negligible10.

-0
I i
E, E,
UL

Fig. 2.5. Energy diagram for electrons tunneling a metal-vacuum-metal interface.

WKB approximation

If the Wentzel-Kramers-Brillouin (WKB) approximation for calculating transmission
probabilities is used, we have the well-known formula47:
sAE)
172
D(E)=exp -2J2 j dz [-(DL-i-go(z) EZ] , (2.10)

s(E)

where ¢(z) represents the potential barrier height referenced to the Fermi level of the negatively
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biased electrode, and s;(E,) and s,(E,) are the classical turning points at the energy E,.
Integrating eq. (2.10) yields45

D(E)=exp [-a E) (-O+E)-E)" @11)
In this expression,
a(E)=2J2 B(E) As (E) , (212)
where
i o0 BE) \
4
E)=1- : 213
= A(E) I ( +3>(Ez)-Ez) =
neglecting third order and higher order terms, and
As(E)=syE,)-s,(E) (2.14)
and
o)
DE) = AS(E) sz o) - 2.15)
s (E )

Mean barrier approximation

Frequently, neglecting the dependence of (2.12) and (2.15) on E,, the mean barrier

approximation, MBA, is used to calculate transmission probabilities*348:
D (E) =exp [—a (-@ +P- EZ)”2 ; (2.16)

where
a=a(-¢)= 2,/5 B(C-@)As (-D) , (217)
and 5, the mean barrier height above the Fermi level of the negatively biased electrode, is
5 (P)

[ a0 2.18)
5, (-d)

O= O (-¢)=——
As (-9;)
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However, for interelectrode separations of interest in STM the dependence of a(E,) and
d&(E,) on E, is not negligible at all, unless the potential barrier is trapezoidal in shape, and,
hence, the mean barrier approximation is not always reliable. As a matter of fact, for small
separations (s < 104) this approximation overestimates the tunneling current density, as
already pointed out by Miskovsky et al49.

Substituting eq. (2.16) into eq. (2.9) and integrating gives

- T e | 3, T | Sl
J=2i2 @[1+3a1¢n+3a2¢ ]e“"’
T o

—a@+v)"

-(@+ va)[ 1430 @+v)'?+3a” @+ Va)‘I] e

a(d‘i+EF) }

[ 1re@ 50 219)

where Egis the Fermi energy of the negatively biased electrode. For typical Fermi energies and
work functions, the last term in braces is negligible compared to the first and second terms
whenever s > 5A; thus, eq. (2.19) reduces to
- 12
- A=l T N
J= = { @[1+3al¢n+3a23" ]e e

2 2
b A 4

ca@+v)”

-(D+ V) [ 143 (D+ Va)‘”2 +3a° (@ + Va)'l] e } . (220)

Simmons, assuming that @ @2 >> 1 and « (D + V)12 >> 1 suggested the following

further approximation of the tunneling current density45:

- BT - ~a(@+ V)P
Jo= 222 {fbe T L@+V)e . @.21)

o

we refer to this latter approximation as the Simmons mean barrier approximation, SBA. For
typical metallic work functions of a few electronvolts, the inequalities leading to this
approximation begin to fail for interelectrode separations of less than about 20A, and the SBA
approximation underestimates the tunneling current density4?,

Consequently, it is of great interest to emphasize that the continued use of the mean

barrier approximations in STM can lead to serious errors in the interpretation of the
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experimental results, as will be shown in section 2.6. For interelectrode separations of more
than about 10A, the application of the MBA approximation is justified, but for smaller
separations eq. (2.9) should be integrated numerically after having substituted the transmission

probabilities.

Low-voltage range

For very low voltages, eq. (2.20) may be rewritten as

1=-12 e
J’:i { Zb[l+3alb! +3a2¢)1]
M2 2

=12

-1
_ e ; 5 - 11 -12av,® ]
_(¢+va)[1+3a'(¢+va) ”2+3a2(cb+Va)1]c ¢ Z}e”“‘"’ L(2.22)

Expanding in this expression exp(-1/2 a V, @-1/2), and neglecting second order and higher

order terms, eq. (2.22) becomes

I7 %a_rﬁ” v [ 1+ @@]eee” . (223)
T

Alternatively, for vey low voltages eq. (2.21) becomes

= - =0
‘{S=21—<ﬁ"2 Va[1-2(a d')”z)'l] g @ (2.24)
T &

and assuming again that o @12 >> 1, we have

1 - _ a{_.‘bm
'{S'= T (DVa (225)
o
On the other hand, the effective potential barrier may be defined as
5y
@2 = ﬁ _[dz 0" , (2.26)

where

s, =5, (D), (2.27)
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S, = sz(-diL)
and
As = 5,-8

Thus, eq. (2.23) may be rewritten in the following way:

1 /2 neo1] - 97
JM= > d‘i [1+(aod%) e ,

o
where
B=B-®,)
and
o, = 2 As ,
since
By

_[ dz ¢*(2)=B D2 As |
|
High-voltage range

For high voltages (V, > @), eq. (2.20) may be written as

2 &)[ s - 00 -;z-z] -0
o 1+3 @@y +3@d?) e *?

or, in terms of the effective potential barrier of eq. (2.26):

2
T

12
2o w3@dd +3@ay eV
aﬁﬁal. e 07 0e

(2.28)

(229)

(2.30)

(231)

(232)

(2.33)

(2.34)

(235)
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2.3. Transmission resonances

In this section and the following one two planar and parallel electrodes will be
considered, as in the preceding section, and we will restrict to the case in which a voltage of a
few volts is applied between both electrodes. In particular, when the applied voltage is greater
than the work function of the positively biased electrode, field emission occurs and electrons
tunnel from filled states on the negatively biased electrodes into vacuum and are then
accelerated in the electric field between both electrodes into the positively biased electrode, as
shown in fig. 2.4 in the introduction, and transmission resonances originate.

With the aim of clarifying the origin of transmission resonances and their relationship
with the oscillations in the constant current mode conductance-voltage characteristics observed
in STM experiments, let us consider the infinite potential barrier shown in fig. 2.6a:

Fz ,z<s
V(z) = { (2.36)

o ,§<z

kd

where F represents the slope of the barrier.
The time-independent Schrédinger equation of electrons in this barrier may be written,
when z < 5, as
v @+2[E-Fz] y2)=0 , (237)
where E is the energy of the electron. The substitution
u=2FAFz-E) (2.38)
in eq. (2.37) leads to the following equation:
V') -uyw)=0 . (2.39)
Two linearly independent solutions of the differential equation (2.39) are the Airy

functions Ai(u) and Bi(u)>% consequently, we have

v()=A Ai[(zﬁ'z)”3(Fz-E)]+BBs[(21«"‘2)‘”3(1?;:-5)] . (240)

where A and B are constants. Application of the boundary conditions leads to quantization of
the energy, with the following sequence of discrete energy levels, referenced to the bottom of

the barrier:
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E =.0F 5 (2.41)

corresponding to all positive integer values of the quantum number n. The quantities a,, are the

zeros of the Ai Airy function:

3n 1
a =-f T(n-a—)] ; (242)
and the asymptotic expansion of the function f(x) is
_ 23 5 2 5 Ay 77125 5
f@X)=x ( 1+Ex -%x 53048 + O(x )) (2.43)

The first three bound levels given by eq. (2.41) are represented in fig. 2.6a by dotted

horizontal lines.

UL UL

Ur

Fig. 2.6. Potential barriers: a) Infinite barrier, b) semi-infinite barrier, and c) trapezoidal barrier. In figs. 2.6a
and 2.6b the bound energy levels of eq. (2.41) are shown (dotted horizontal lines), and inf fig. 2.6b the square
amplitude of eq. (2.45) is also shown (solid curve).

When one of the wells of the barrier is finite, as shown in fig. 26b, the electronic waves
are not completely confined in the positive-kinetic energy region. Solving the corresponding

Schradinger equation and applying the boundary conditions yield the following expression for
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the electronic wave function in the sloped region of the barrier:

v@=Ag-CFH" F2- ] 0<:29, (2.44)
where

. k) [ Alw) + Bﬁ(us)] 045

u® [Arg) Bitw,) - Ai(w) Bi'(uo)]2+ K [ Aitug) Bitw) - Aicu) Bituy)

and

80 = AT CH) + B0 sin[tan"% + tan'l%] (2.46)
In these expressions,

uy=-QFHPE | (247)

u=2F)PFs-E), (2.48)

w=QF)PF (249)

and
b =J2E-T) , (2.50)
s and Uy being the parameters shown in fig. 2.6b.The square of the amplitude given by eq.
(2.45) is shown as a function of energy in fig. 2.6b, together with the bound levels of the
infinite barrier.
The simplest approximation to the potential barrier at a metal-vacuum-metal interface is

the trapezoidal barrier shown in fig. 2.6c:

UL , z<0
Z
V)= -(V+AD)- 0 <z<s .51)
UR v §82Z 5

referenced to the vacuum level of the electrode L, which occupies the z < 0 half-space; U and
Uy represent the bulk inner potentials of electrodes L and R, respectively, V, is the applied

voltage and A@ is the difference between work functions

AD= (IL B d?z . (2.52)
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For the barriers shown in figs. 2.6b and 2.6c non negligible amplitudes of the wave
function are achieved only for energies close to the bound levels of the infinite barrier (see fig.
2.6b), because of the interference between incident and reflected electrons in the positive
kinetic-energy region of the vacuum gap; hence, the originally bound levels will broaden and
turn into transmission resonances when the well is embedded in the trapezoidal barrier shown
in fig. 2.6c.

However, it is well known that the WKB approximation, the conventional method used
to calculate the transmission coefficient across potential barriers, fails to explain the resonance
fenomena’!, because the effect of the partially reflecting interface at z = s is neglected.
Consequently, in order to explain this phenomenon, it is necessary to solve the Schrodinger
equation through the interface potential barrier. In particular, the transmission probabilities for
the trapezoidal barrier can be calculated analytically by connecting the Airy functions, exact

solutions of the Schrodinger equation trhough this barrier, and their derivatives at z =0 and z

=592
2
D=% 42”;2, (2.53)
o+
where
k =J2(E-U) (254)
and

ke =+ ’ 2(E-Up) , (2.55)

and o and S are the following constants:

0 = kg [ AiCug) Bi(w) - Aitw) Biuy)| /u
vk [Ary Bitw) - Aiw) Bi'ug) |u (2.56)
and
k
B= %[ Ai(u) Bi'(ug) - Ai'(uy) Bi(us)]

+[ Ai(ug) Bi'(u ) - Ai'(u) Bi(uo)] ; (2.57)
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In these expressions, uy, U, and u' are given by egs. (2.47), (2.48) and (2.49), respectively,

and F represents the electric field between the electrodes:

V+AD
F= -_as : (258)

Fig. 2.7 exhibits the square amplitude of the wave function of electrons in the
semi-infinite barrier and, also, the transmission probability of eq. (2.53), as a function of
energy, when Uy = -12.68eV, Ug = -9.8¢V, V,=4V, s=10A and F = -0.438eV/A, together

with the bound levels of the infinite barrier.
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Fig. 2.7. Square amplitude of the electronic wave function corresponding to the semi-infinite barrier, as
shown in fig. 2.6b, and transmission probability of electrons tunneling the trapezoidal finite barrier, as a
function of energy. The bound energy levels (dotted vertical lines) of the infinite barrier and the vacuum level of
the negatively biased electrode (dashed vertical line) are also shown. U = -12.68¢V, Ug =-9.8¢V, V, =4V, s
= 10A and F = -0438eV/A.

It is obvious from this figure that the peak energy positions of the amplitudes of electrons
in the semi-infinite barrier coincide with the transmission resonances of electrons tunneling the
trapezoidal finite barrier. The first peak energy position coincides, also, with the first bound

level of the infinite barrier; however, the second and third peak energy positions differ from
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the bound levels, since they are not well below the vacuum level of the negatively biased
electrode, which is represented in fig. 2.7 by a dashed vertical line.

In fig. 2.8 the evolution of the peak energy positions in the transmission probability of
electrons tunneling the trapezoidal barrier are shown, as a function of s, when V, = 0 (fig.
2.8a), and, as a function of V,, when s = 20A (fig. 2.8b), together with the evolution of the
bound levels of the infinite barrier. Notice that the energy positions of the transmission
resonances for the finite barrier only differ from the bound levels when the energy is not well
below the vacuum level of the negatively biased electrode, so that in the range of energies we

are concerned with in STM experiments both positions exactly coincide.

(a) (b)
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Fig. 2.8. Evolution of the peak energies in the transmission probability of electrons tunneling the trapezoidal
barrier (solid curves) and the bound energy levels of the infinite barrier (dashed curves), as a function of
tip-sample distance at V, = 0 (fig. 2.8a), and as a function of applied voltage at s = 20A (fig. 2.8b). In fig. 2.8b
the values that the applied voltage has each time an additional resonant level incorporates to the allowed energy
region of tunneling electrons are also represented (vertical dashed-dotted-dotted-dotted lines). In these calculations
the following values of the work functions have been considered: @, = 4.68¢V and @ =4.3eV.

Transmission resonances can be experimentally observed whenever resonant levels are
situated below the Fermi level of the negatively biased electrode, so that voltage must be
greater than the work function of the positive electrode. Thus as the applied voltage increases
maxima in the transmission probability of Fermi electrons will appear each time an additional

resonant level crosses the Fermi level of the negatively biased electrode; the values of the bias
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voltage for which an additional resonant level incorporates to the allowed energy region are
represented in fig. 2.8b by vertical lines.

The difference between consecutive resonance energies is proportional to F2/3; hence, it
gets greater as the applied voltage increases in the constant interelectrode separation mode and
the increase in the applied voltage necessary for an additional resonant level to incorporate gets
greater, too, which is obvious from fig. 2.8b. Instead, if the interelectrode separation were
increased as the same time as the applied voltage, keeping the electric field F constant, the
increase in the applied voltage necessary for an additional resonant level to incorporate would
not get greater as the applied voltage increases; moreover, it would get slightly smaller, as fig.
2.9 shows, since for a given value of F the difference between consecutive resonant energies
gets smaller as n increases. Fig. 2.9 shows the evolution of the bound levels of the infinite
barrier, as a function of V,, when the inerelectrode separation is increased as the same time as

V, in order to keep the electric field constant.

Vacuum level
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Fig. 2.9. Evolution of the bound energy levels of eq. (2.41) in the constant electric field mode for F =
-0.438e¢V/A, versus applied voltage. For energies below the Fermi level of the negatively bias electrode
resonances of the trapezoidal barrier exactly coincide with the bound energy levels of the infinite barrier. The
vertical dotted lines represent the values that the applied voltage has when an additional resonant level

incorporates to the allowed energy region of tunneling electrons, as in fig. 2.8b.
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Next we go a step further in the approximation for the potential barrier at a
metal-vacuum-metal interface, including the contribution due to the classical image force from
the electrodes, and we study the role that the image potential plays modifying the structure of

the transmission resonances.

Image potential

Let us consider a point charge g located at a distance z from a conducting plane, as shown
in fig. 10. The electric force acting on this charge produced by the charges induced on the
conducting plane is equal to the electric force produced by an image charge -g located at the

same distance z at the other side of the plane 33 (see fig. 2.10a):
2

Fo @=- z, (2.59)

22’

z being a unit vector normal to the plane, and the potential energy of the point charge g is

q?.
: Bt 2
Vlm(z) 4z ° ( 60)
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Fig. 2.10. a) A point charge ¢ and a conducting plane; the electric force acting on charge ¢ is equal to the
electric force produced by the image charge -q. b) A point charge g between two parallel conducting planes; this
charge leads to an infinite set of image charges of alternating signs within each conductor (from M. Zahn, Point
charge between two parallel grounded planes, Am. J. Phys. 44 1132 (1976)).
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When a point charge ¢ is located between two parallel conducting planes, a
straightforward application of the method of images leads to an infinite set of images within
each conductor of alternating spacings of 2a and 2b, as illustrated in fig. 10b. Thus, the
classical image potential that an electron feels in the vacuum region between the electrodes can

be expressed as34

1 1 X
Vu@=-5 4 53+ z[ z'ns] } 2.61)
(ns) -z

This expression can be rewritten, after some rearrangement, in the following way

1 z/s z/s 1
Y (Z)"_( "") 4sl§m)-;n(n-z/s)+l-zls’(2°62)

and taking advantage of the definition and properties of the gamma and digamma functions>>,

we find

V. (z)—--(-— }z)+4_18 2y+w(1+§)+w(2-§)l, (2.63)

_ s 1 d IT1+z/s)
V., @= T D + e { 2 y+s E[ ln__—]I'(Z-z/s) } ; (2.64)

where yrepresents the Euler number, I'(x) the gamma function, and y(x) the digamma

or

function, i.e. the logarithmic derivative of the gamma function.
When only the first image charges that the electron sees in each electrode are considered,

we have

Ay

Alternatively, the following approximation due to Simmons>4 has been used widely:

115 ln2s
Ry i 5
in®= TG G

Thus when the image potential is included the classical potential barrier between two

planar electrodes can be expressed as
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UL , 25 Z,
Z
V(z) = - (V. + A‘D)S- +V. (2) y BS 2 (2.67)
UR ) 2y gz

where z; and z, represent the positions where the interface potential and the bulk inner
potentials are equal. This image reduced potential barrier is represented in fig. 11, where the
image potential given by eqgs. (2.64), (2.65) and (2.66) is considered, together with the
trapezoidal barrier of eq. (2.51). This figure exhibits, also, the lowered trapezoidal barrier
tangent to the image reduced potential barrier of eq. (2.67); this barrier is lowered by a quantity

inversely proportional to the interelectrode separation, since

ViD= (268)

where k is equal to In2, 1 or 1.15 In2, depending on which expression for the image potential

is used, (2.64), (2.65) or (2.66), respectively.
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Fig. 2.11. Trapezoidal barrier of eq. (2.51) (dashed-dotted line), and image reduced potential barrier of eq.
(2.67) with the image potential specified by egs. (2.64) (solid lin¢), (2.65) (dotted line) and (2.66)
(dashed-dotted-dotted-dotted line). The lowered trapezoidal barrier tangent to the exact image reduccd barrier of
egs. (2.67) and (2.64) is also shown (dashed line).
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Transmission probabilities for electrons tunneling the image reduced potential barrier of
eq. (2.67) have been calculated approximating the image potential by means of eq. (2.65) and
solving numerically the Schrodinger equation; this has been done representing the solution as
Chebyshev series%. Fig. 2.12 exhibits the calculated transmission probabilities, as a function
of energy, for U =-12.68eV, Ug=-9.8¢V, V,=4V, s=10A and F = -0.438eV/A, together
with the transmission probabilities for electrons tunneling the corresponding lowered

trapezoidal barrier and the lowered bound levels of the infinite barrier.

e |moge barrier: (2.65)
—.— Lowered trap. barr.
..... Bound levels

== Lowered vac. level
-...— Max. image barrier

o

(a)

=5

Ln D

-10

E (o)
Fig. 2.12. a) Transmission probability of electrons tunneling the image reduced barrier with the image
potential given by eq. (2.65) (solid curves), together with the transmission probability of electrons tunneling
the corresponding lowered trapezoidal barrier (dashed-dotted curves), as a function of energy. Fig. 2.12b exhibits
plots of the natural logarithm of the transmission probabilities of fig. 2.12a. The lowered bound energy levels
of the infinite barrier (vertical dotted lines), the lowered vacuum level of the negatively biased electrode (vertical
dashed line) and the maximum of the image reduced barrier (vertical dashed-dotted-dotted-dotted line) are also
shown. Uy, =-12.68¢V, Ug = 9.8eV, V, =4V, s=10A and F=-0.438¢V/A.

Notice that the resonant levels of the image reduced potential barrier approximately
coincide with the resonant levels of the lowered trapezoidal barrier, and thus coincide with the
lowered bound levels of the infinite barrier for energies well below the lowered vacuum level

of the negatively biased electrode. Hence, these resonant levels are lowered by a quantity
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proportional to the interelectrode separation, and, accordingly, the lowering of the resonant
levels gets more important as the interelectrode separation decreases. It is interesting to point
out, also, that for energies below the Fermi level of the negative electrode the first transmission
resonance of the image reduced potential barrier appears at smaller energies than the one
obtained for the lowered trapezoidal barrier, especially for small bias; indeed, this first
resonant level converges at V, = 0 and large separations to the intrinsic image states’’, as
pointed out by Garcfa et al8,

On the other hand, considering the image reduced potential barrier rather than the
trapezoidal barrier leads less pronounced peaks in the transmission probabilities, since this

potential barrier is less abrupt than the trapezoidal one.

Tunneling characteristics: s-V, and dI/dV,-V,

The scanning tunneling microscope can be used keeping the tunneling current constant
and displacing the tip in the perpendicular direction to the surface as the applied voltage
increases?2-25, Hence, when the applied voltage gets greater than the work function of the
positively biased electrode, field emission occurs, as pointed out above, and the electric field
between the electrodes keeps approximately constant, in the constant current mode, as the
applied voltage increases, assuming that the effective tunneling area keeps also constant.

Considering planar electrodes, the tunneling current density may be obtained by means of
eq. (2.9), once the transmission probabilities for allowed energies are calculated; then, the
tunneling current is obtained as the product of the current density times the tunneling area.
Nevertheless, the tip-sample separation of the microscope that for a given value of the applied
voltage makes constant the tunneling current cannot be obtained directly from eq. (2.9);
instead, we must search numerically for the zeros of the following function:

f)=16s) -1, , (2.69)
where /(s) is the tunneling current between two planar electrodes separated by a distance s, and

I, is the constant value of the tunneling current. Notice that each time we search for the value
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that the function of eq. (2.69) has got, the transmission probabilities, which are to be
calculated solving the time-independent Schrodinger equation through the barrier in question
must be integrated over all allowed energies, as shown in eq. (2.9); therefore, calculating the
constant current mode tip-sample separation for a given value of the applied voltage, and,
therefore, calculating the constant current mode s-V, characteristics is a cumbersome and
tedious computation, especially when the Schrodinger equation must be solved numerically.
Fig. 2.13 shows the constant current density mode distance-voltage characteristics
calculated for Uy = -12.68eV, Uy = -9.8¢V, @ = 4.68¢V, ®g = 4.3eV and J = 0.1nA/A2,
when electrons are assumed to tunnel an image reduced potential classical barrier with the
image potential given by eq. (2.65), together with the corresponding results obtained when the

non-lowered and lowered trapezoidal barriers are considered.
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Fig. 2.13. Constant current density mode s-V,, characteristics for J = 0.1nA/AZ and different barricr models:
The image reduced potential barrier of eq. (2.67) with the image potential specified by eq. (2.65) (solid curve),
the corresponding lowered trapezoidal barrier (dashed curve) and the non-lowered trapezoidal barrier (dashed-dotted
curve). Up =-12.68¢V, Ug = -9.8¢V, @y =4.68¢V and &g =4.3¢V.

Notice that when the non-lowered trapezoidal barrier is considered in our calculations the

constant current density mode electric field F keeps approximately constant in the
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field-emission regime. However, when the lowered trapezoidal barrier is considered, the
electric field does not keep constant at all; instead, it increases with V,, since the height of the
lowered barrier that electrons have to tunnel gets greater as the tip-sample separation increases.
When electrons are assumed to tunnel the image reduced barrier, the constant current density
mode electric field keeps nearly constant, too; this happens because though the height of the
image reduced barrier increases as the tip-sample separation gets larger, at high voltages the
barrier that electrons have to tunnel, which is very close to the negatively biased electrode s
surface, does not change appreciably with tip-sample separation.

It is interesting to observe that for certain values of the applied voltage the constant
current density mode separation presents oscillations. It happens because for these values of
the applied voltage a new transmission resonance appears below the Fermi level of the
negatively biased electrode, as discussed above. Notice, also, that these oscillations are less
pronounced when the position dependent image reduced potential barrier of eq. (2.67) is
considered; this happens because the transmission resonances are smoother, too, as shown in
fig. 2:12

Fig. 2.14 shows the lowered bound energy levels corresponding to the image reduced
potential barrier of eq. (2.67) with the image potential approximated by eq. (2.65), together
with the non-lowered bound levels, as a function of the applied voltage, when the tip-sample
separation making the tunneling current density through the image reduce barrier of egs. (2.65)
and (2.67) equal to 0.1nA/A2 is considered for each value of the applied voltage. It is worth
noting that the values of the bias voltage for which an additional level appears below the Fermi
level of the negatively biased electrode correlate with the oscillations appearing in the s(V,)
curve represented in fig. 2.13 by a solid curve. Notice that the distances between these
oscillations are slightly smaller than those between the non-lowered bound energy levels, since
the levels are lowered by a quantity inversely proportional to the separation, which gets greater
in the constant current density mode as the voltage increases.

These oscillations become more obvious when we evaluate the constant current density
mode conductance, d//dV,, as a function of the applied voltage, derivating along the constant

current density mode s(V,) curve. This may be done numerically, and the results so obtained
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for a constant current density of 0.1nA/A2 are presented in fig. 2.15, when electrons are
assumed to tunnel the image reduced barrier of eqs. (2.65) and (2.67), the corresponding
lowered trapezoidal barrier and the non-lowered trapezoidal barrier of eq. (2.51), as in fig.

213,
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Fig. 2.14. Evolution of the lowered bound energy levels corresponding to the image reduced barrier with the
image potential specified by eq. (2.65) (solid curves), together with the non-lowered bound energy levels (dotted
curves), as a function of applied voltage, when the constant current density mode tip-sample distance s
represented by the solid curve of fig. 2.13 is considered for each value of V. For energies below the Fermi level
of the negatively bias electrode resonances of the lowered and non-lowered trapezoidal barriers exactly coincide
with the lowered and non-lowered bound energy levels of the infinite barrier, respectively. The values that the
applied voltage has each time an additional resonant level incorporates to the allowed energy region of nneling

electrons are represented by vertical lines, as in figs. 2.8b and 2.9.

The oscillations appearing in the conductance-voltage characteristics represented in fig.
2.15 by a solid line also correlate with the vertical lines of fig. 2.14; the first peak appears at a
slightly smaller voltage than the one represented by the first vertical line of fig. 2.14, due to the
fact that the first transmission resonance appears at smaller energies when the position
dependent image reduced barrier of eq. (2.67) is considered, as discussed above; the

remainder peaks appear at slightly greater voltages that the ones represented in fig. 2.14,
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probably due to the contribution from electrons having the energy component E, less than the
Fermi energy. However, the oscillations appearing in the conductance-voltage characteristics
obtained for the trapezoidal models of the barrier do not correlate with the vertical lines of fig.
2.14, not even when the lowered trapezoidal barrier tangent to the image reduced barrier is
considered; this happens because though for a given s-V, characteristic the peak positions
would approximately coincide for both trapezoidal and non-trapezoidal image reduced barriers,
the s-V, characteristic and, hence, the electric field are very different for both barriers, thus
becoming the bound energy levels and the peak positions in the dI/dV,(V,) curve also
different, in addition to the different shapes they present, which is due to the difference in the

breadth of the transmission resonances.
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Fig. 2.15. Constant current density mode dJ/dV,-V, characteristics for J = 0.1nA/A2 and different barrier
models, as in fig. 2.13. Uy = -12.68eV, Ug =-9.8¢V, @ =4.68¢V and &g =4.3cV.

On the other hand, the peak positions of the oscillations appearing in the
conductance-voltage characteristics show a considerable dependence on the approximation
used to evaluate the image potential, since different approximations lead to different heights of

the image reduced barrier, as shown in fig. 2.16.
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Fig. 2.16. Constant current density mode s-V,, and d//dV,-V, characteristics for J = 0.1nA/A2 and the image
reduced potential barrier of eq. (2.67) with the image potential specified by eq. (2.65) (solid curves) and with the
approximated image potential of Simmons, i.e. eq. (2.66) (dotted curves). U = -12.68eV, Ug = -9.8¢V, D =
4.68¢V and dp =4.3eV.

The peak positions of the oscillations appearing in the conductance-voltage characteristics
are very sensitive, also, to the values of the work functions, which are not known with
sufficient precision, and to the effective tunneling area, since the constant current mode s-V,
characteristics and, hence, the electric field and the resonant levels are strongly dependent on
these quantities. This is illustrated in fig. 2.17, where plots are shown of the constant current
density mode distance-voltage and conductance-voltage characteristics for different work
functions and current densities when electrons are assumed to tunnel the image reduced barrier
of eq. (2.67) with the image potential approximated by eq. (2.65). The dependence of the peak
positions of the oscillations on the tunneling current density is of great interest because the
tunneling area could vary during the experiment, in such a way that the constant current mode

current density may not be constant, as will be discussed in section 2.5.
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Fig. 17. Constant current density mode s-V, and dJ/dV, characteristics for the image reduced potential barrier
of eq. (2.67) with the image potential approximated by eq. (2.65) and different current densities and work
functions. In fig. 2.17a different current densities have been considered: J = 0.1nA/A2 (solid curves), J =
0.01nA/AZ (dashed curves) and J = 0.001nA/A2 (dotted curves), with @ = 4.68¢V and ®g = 4.3¢V. In fig.
2.17b different work functions have been considered: @ =4.68¢V and @y = 4.3eV (solid curves), and @ =
5.20eV and @R = 4.4eV (dotted curves), with J = 0.1nA/A2,
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In particular, using the approximate formula of Simmons, i.e. eq. (2.66) for the image
potential, a quite good agreement with the experimental data given by Becker et al when
electrons tunnel from W to Au?* may be obtained in the peak positions of the oscillations
appearing in d7/dV,-V,%, choosing the work functions and tunneling area in a proper manner.
However, agreement is not obtained for the same parameters and the inverse polarization. On
the other hand, the constant current mode tunneling characteristics are very sensitive to the
shape of the interface potential profile and to the geometry of the electrodes, as will be shown
in next sections. Consequently, it is necessary to consider more realistic barrier models and
geometries; moreover, a trial and error analysis of the constant current mode tunneling
characteristics may be used to determine both the shape of the interface potential and the radius
of the tip.

In sections 2.4 and 2.5 calculations of s-V, and dI/dV,-V, characteristics of a W-Au
interface are performed and an interpretation of the experimental data given by Becker et al for
direct and inverse polarization is presented. In section 2.4 tunneling between two planar
metallic electrodes through a new potential barrier model which takes into account both
non-local and local exchange and correlation effects is considered. In section 2.5 our full
analysis of the three-dimensional models is presented, taking into account the tip-sample
geometry.

As we do not know the work functions of the electrodes with sufficient precision, we
have performed the calculations of sections 2.4 and 2.5 for different values of the work
functions, and we have found that good agreement with the experimental data is obtained when

they are assumed to be @ = 5.2eV and Py = 4.4eV for W and Au, respectively®0.
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2.4. Potential barrier: one-dimensional model

Since the pioneering works of Lang and Kohn61-63 based on the density-functional
theory of inhomogeneous electron gas systems formulated by Hohenberg, Kohn and
Sham®4.65, the density-functional formalism in the local-density approximation (LDA) for
exchange and correlation has been widely used in the study of the jellium model of surfaces.
This approximation has been applied with success to the calculation of the electronic structures
of metal surfaces and, in particular, to the study of the short-range quantum-mechanical
interactions that the electron sorrounding the surface encounters, which is one of the
fundamental problems in surface physics.

However, the local-density approximation fails to reproduce the correct asymptotic
behaviour of the potential in the vacuum region of the surface, since in this approximation the
exchange-correlation potential decreases exponentially out of the surface, so it does not behave
at large distances like the correct classical image potential due to the induced mirror-image in
the metal. On the other hand, the role that the long-range image potential interaction plays has
been shown to be important to account for the existence of the image bound states>’ lately
observed®6-69 and also to give an interpretation of the experiments performed with the STM.

The problem of the long-range attractive potential between an external charged particle
and a semi-infinite polarizable medium has been treated by a variety of semiclassical and
quantum-mechanical approaches’-73, However, the interface potential between two surfaces
appears as the result of different local and non-local effects’+75; non-local effects are reflected
in the long-range image potential induced by both surfaces, while local effects, which can be
obtained using the local density approach, are responsible for the fact that the effective
potential barrier that electrons feel goes more smoothly to its bulk value than the classical
image reduced barrier.

On the other hand, although for large distances between the electrodes the effective
potential barrier should converge in the middle of the gap to the classical image reduced
barrier, it has been shown’4 that for tip-sample distances of a few &ngstroms the barrier is

substantially decreased by the overlapping of the metal electronic charges. In addition,
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dynamic effects tend to reduce the strength of the induced image potential’6.77, depending on
the relation between the tunneling transversal time and the response time of both metals
(typically given by the inverse of their plasmon frequencies); for very short transversal times
the image potential would be reduced to zero, but theoretical calculations’” show that for
typical tip-sample distances of a few dngstroms the image potential is just reduced to around
70% of its full classical value.

Recently, a parametrized model of the potential at a metal surface has been suggested’s:

U

g ,Z2<2
-B(z-2p 0
Ae +1
V(z) = A -z9 (2.70)
1-¢ \ -
4(2-20) R 8

referenced to the vacuum level. U, represents the bulk inner potential, the quantity A
determines the range of transition from the vacuum potential to its value in the bulk, and z;
represents the position of the image plane relative to the edge of the positive background; the
image plane is defined as the centre of mass of the induced charge distribution53.79:80, The
constants A and B are determined by matching V(z) and its derivative at the image plane, i.e. at

z =z, this leads to

A:——Tq--l (2.71)

and
Uo

=-— . 272
Bi=-— (272)

Parametrized potential barrier at a metal-vacuum-metal interface

In order to take into account the physical basis of the problem discussed above, we
generalize the parametrized surface potential of eq. (2.70) and propose the following barrier

model for tunneling electrons at a metal-vacuum-metal interface29.30;
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V(z) = g = + — -Ef(z) +V(2).,2;<285-2, (2.73)
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U
k ,s-zRSz 5

referenced to the vacuum level of the negatively biased electrode, which occupies the z <0

half-space. In this expression,

V@) =-(V,+ @ - D) = (274)

zZ-2 zZ-2
dL) + ‘P(Z- dL). (2.75)

Uy, @ and Uy, @y represent the bulk inner potential and the work function of the electrodes

and

fz2) =2 y+ lP(l+

L and R, respectively, and d is the gap distance, which is defined to be the distance between
the image planes situated at z =z and z =5 - z3. A, B , AR and By are determined by

matching V(z) and its derivative at the position of the image planes, which leads
-4U x

AL,R= -1 (2.76)
Ag t[1-meopCAy D] /d+4(V, +AD) 2 g /s
and
A+ 1) g/ 2-[1- -+ Ay Dexply D]V, +AD s
L,R= A 4 U = i (2'77)
LR " VLR

where

z =z (278)
and

Zp=5-12p. (2.79)
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In these expressions the notation "+" means that when By, is to be calculated "+" must be used;
similarly, "-" must be used when By is to be calculated.

The quantities Ay and Ag, as the quantity A in eq. (2.70), determine the range of
transition from the vacuum potential to its value in the bulk; for d > 5A they have a simple

physical interpretation, since they tell us about the value of the potential at the image planes:

1- z
V(zL)z-(%+ . ;)-(V;A@)?L (2.80)
and
V(s~zR)=-(_13+14'd“ -(va+Ad'))S:R . (2.81)

Assuming that the crossing of the potential barrier and the image planes happens between
the Fermi level and the bulk inner potential level®3, we should choose one of the following
values of the quantities A; and Ag:

1-u 1-u
4qR-TSALRS4(d}-R+EFL‘R 'T * (2"82)

The quantity u tells us about the dependence of the barrier height on the gap distance,

since for d > 5A we have

dy 1-pu(1-ln2) 1 21,7 %R
V(zL+5 ~ - = 5(V8+A<D)(l+ - ) (2.83)

Consequently, . (1 - In 2) / d represents the increase of the height of the potential (2.73) over
the height of the image reduced potential (2.67) with the image potential approximated by eq.
(2.65); thus in the tunneling region, far outside the image planes, the model barrier of eq.
(2.73) converges to the exact image reduced barrier when = 1 and to the image reduced
barrier with the image potential approximated by eqgs. (2.65) and (2.66) when =0 and u =
0.66, respectively.

The potential barrier of eq. (2.73) is represented in fig. 2.18 for different values of the
parameters Ag, M, z;, and zg, together with the exact image reduced potential barrier of egs.

(2.64) and (2.67).
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Fig. 2.18. Model potential barrier of eq. (2.73) with A = 1.0ay71, Ag = 1.3a5°], z; = zg = 0 and two different
values of the parameter u (fig. 2.18a), with 4} = 1.0&0‘1, u =10, z; =zg =0and two different values of the
parameter Ag (fig. 2.18b), and with A = 1.030'1, AR = 1.33{3'1, 4= 1.0 and three different positions of the
image planes (fig. 2.18c). In figs. 2.18a and 2.18b the exact classical image reduced potential barrier of eqgs.
(2.67) and (2.64) is also shown (dotted curves). @ = 5.2eV, dg =4.4eV, U =-13.2eV , Ug=-9.9¢V, V, =
4,0V and s=10A .

The model barrier of eq. (2.73) fits the theoretical potential of de Andrés et al’4, which
includes both local and non-local effects, by appropriately choosing Ay, Ag and p. In
particular, for d = 9A a good fitting is obtained for = 0.5; a good fitting is obtained, also,
using smaller values of the parameter 4 when d < 9A, which shows that for small tip-sample
distances the barrier is substantially decreased due to the local exchange and correlation
energy, and it does not converge to the exact classical image reduced potential barrier. These
local effects depend on the gap distance and become negligible for large gap distances,

indicating that some kind of dependence of the parameter i on the distance between image
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planes should be included. For large gap distances u should converge to unity, if dynamic
effects were neglected; but the static parameter u that for small distances fits the potential of de
Andrés et al and for large distances converges to unity should be enhanced in order to take into
account dynamic effects. Fig. 2.19 exhibits u as a function of gap distance for the static and
dynamic cases, having assumed that the image potential is reduced to 65% of its full value due

to dynamic effects.
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2.19 irudia. Dependence on the gap distance of the parameter u that makes the potential barrier of eq. (2.73)
to fit at small distances the potential barrier of ref. 74 and to converge at large distances to the exact image
reduced classical barrier (dashed curve); the cross points show the values of the parameter ¢ making the potential
barrier of eq. (2.73) to fit the potential barrier of ref. 74 for gap distances of 5.4, 7.6 and 9.7A, and the solid
curve represents the dynamic parameter u dependence on the gap distance obtained when the image potential is
assumed to be reduced by dynamical effects by 65%.

On the other hand, we have found3, also, that the apparent barrier height calculated with
the model interface potential specified by eq. (2.73) is for short gap distances (d < 6A) in good
agreement with Lang’s calculation®! made in the local density approximation; at greater
distances our potential yields the appropriate apparent barrier height associated with image
effects.

The experimentally observed oscillations in the constant current mode tunneling
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conductance, as well as the transmission resonances ocurring in the positive kinetic energy
region, are very sensitive to the detailed form of the interface potential barrier. In particular, the
peak positions and the shape of the oscillations appearing in the constant current mode
conductance-voltage characteristics depend critically on the barrier height and on the shape of
the barrier in the region close to the positively biased electrode, so that both quantities  and
AR in eq. (2.73) play an important role in the study of such oscillations. In addition, the
dependence of the tunneling current and, hence, the constant current mode separation and
conductance on g is also important, while the dependence of the tunneling current on A; and

AR is negligible. Therefore, we fix A; and consider A and u as two fitting parameters.

Tunneling characteristics: s-V, and dI/dV,-V,

Figs. 2.20a and 2.20b show constant current density mode distance-voltage and
conductance-voltage characteristics calculated for J = 0.1nA/A2 when electrons tunnel the
potential barrier of eq. (2.73) with A = 1.0ay"!, z; =zg = 0 and different values of the
parameters Ag and y, together with the same characteristics calculated for the image reduced
classical barrier of eq. (2.67) with the image potential approximated by eq. (2.65). Fig. 2.20c
shows the same characteristics calculated for the model barrier of eq. (2.73) with 4; = 1.0ay’!,
Ar=1.3ay], u=1.0 and different positions of the image planes.

The positions of the oscillations appearing in the dI/dV,(V,) curve calculated for the
image reduced classical barrier approximately coincide with the corresponding positions
obtained for the potential barrier of eq. (2.73) with g = 0, since for this value of the parameter
M the heights of both potential barriers coincide. However, the potential barrier of eq. (2.73),
which represents a more realistic potential for ideal surfaces, is smoother than the classical
image reduced classical barrier in the regions close to both surfaces and, hence, yields

smoother d//dV,-V, characteristics, which become even smoother as Az gets smaller.
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Fig. 20. Constant current density mode s-V, and d//dV,-V, characteristics for J = 0.1nA/A2 and the potential
barrier of eq. (2.73), with 4 = 1.0ay™], A = 1.3ay7], 2 = zg = 0 and two different values of the parameter y
(fig. 2.20a), with 41 = 1.0a5'L, p=1.0, 2 = zg = 0 and two different values of the parameter Ay (fig. 2.20b),
and with A1 = 1.0a71, AR = 1.3ag™], = 1.0 and three different positions of the image planes (fig. 2.20c). In
figs. 2.20a and 2.20b the results of fig. 2.15 obtained for J = 0.1nA/AZ and the image reduced classical barrier

with the image potential approximated by eq. (2.65) are also shown (dotted curves), for comparison. @ =
5.2eV, @g =4.4eV, Uy =-13.2¢V and Ug = -9.9¢V.

On the other hand, when the image planes are located in the vacuum outside the positive
background of the electrodes (z;, >0 and zg > 0), the constant current density mode
separation gets greater and the oscillations become slightly less spaced in voltage, as shown in
fig. 2.20c.

The experimentally observed oscillations appearing in the constant current mode
d//dV,(V,) curve have been compared to our theoretical calculations obtained for different

values of the tunneling current and the parameters Ay and | appearing in the model barrier of
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€q. (2.73). It has been found that the shape of the experimentally observed oscillations are
fitted for large values of Az, which make the interface potential close to the positively biased
electrode more abrupt. It has been found, also, that when the gap distance dependent dynamic
parameter W of fig. 2.19, the image plane positions zp = zg = 0 and Ag = 1.3a5°1 are
considered, a reasonable fit between the low voltage peak positions of the calculated
conductance and the experimental curve taken from ref. 24 is obtained asumming a constant

area of 5004, as shown in fig. 2.21.
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2.21 irudia, Constant curent mode tunneling characteristics for / = 1nA and the potential barrier of eq. (2.73)
with A = 1.030‘1, AR = 1.330'1. zp, = zg = 0 and the gap distance dependent dynamic parameter y of fig. 2.19,
when the tunncling area is assumed to be constant and equal to 500A. Also shown are the experimental curves

of ref. 24 obtained for / = 1nA (cross points).

Nevertheless, two main discrepancies appear systematically for any value of the area and
the parameters, between our one-dimensional results and the experimental curves. First of all,
the first experimental peak is sharper than the theoretical one, and, second, the theoretical
dl/dV,(V,) curve is for high voltages systematically lower than the experimental one and the
oscillations are more spaced in voltage; in an alike manner, the s(V,) characteristic does not fit

appropriately the experimental behaviour at high voltages.
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The first discrepancy can be related to the assumption made of having ideal and unrelaxed
surfaces for both electrodes. As shown above, sharper peaks can be obtained at low voltages
with more abrupt interface potentials; thus it may be inferred that the experimental curve could
be fitted, al low voltages, by the one-dimensional results, just assuming some inwardly
relaxed surface geometry for the positively biased electrode, since this kind of relaxation
would increase the electron density just near the last crystal layer, this effect creating a deeper
electronic potential as needed in this case.

The second discrepancy, appearing for high voltages, between the one-dimensional
results and the experimental data, is related, however, to the three-dimensionality of the
problem and the curvature of the tip. The analysis of this effect is the subject of the next
section, where a three-dimensional calculation of the constant current mode s-V, and d//dV,-V,
characteristics is presented; in this calculation we will not include any surface metal relaxation,
which is assumed to be basically related to the low voltage behaviour of the

conductance-voltage characteristic.
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2.5. Surface geometry: three-dimensional approach

In this section we discuss a simple 3-D model, in which the tip and the sample are
assumed to have spherical and planar geometry, respectively. The spherical model of the tip
has been used in other theoretical approaches33-3536, and it is a first approximation to its real
shape; in future work we will model the metals by a hyperboloidal tip and a planar base.

Let us consider a spherical tip of radius R and a planar sample, as shown in fig. 2.22,
R+s being the distance between the centre of the tip and the planar sample. We have the
spherical tip and the planar sample at 0 andV,+A® potentials, respectively, V, being the

applied bias voltage and A@ = @, - &y, the contact potential.

Com

Fig. 2.22. Spherical tip of radius R and planar sample. s is the distance between the tip apex and the sample,
and C' is the symetric point of C with respect to the planar sample, used as a reference point to solve the

electrostatic problem.

Although it is impossible to get these two surfaces to be equipotential by an arrangement
of a finite number of point charges, we may get as close an approximation to the exact solution

as we wish, by taking enough of an infinite number of point charges as follows82

R

G TRe o i

q,=(V+ADR , (2.84)
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and
R
Q’l='(Va+A€D)R ] qi= qi-l » (2«85)
2R+25-d{_l
where
2
R
d =0, = 2.
1 1 2R+25-di_1 (2.56)
and
R2
d1=0 . di=2R+2.s-d‘i_ (2.87)

1

In these expressions d; is the distance between the charge ¢; and the centre C of the spherical
tip, and d; is the distance between the charge ¢'; and the point C' situated at the other side of
the planar sample. Notice that the distances d; = d; keep smaller than R and the values | g; | =
lg'; | get smaller as the index i increases, in such a way that the effect of each succesive group
of images diminishes.

Consequently, one finds for the electrostatic potential the following convergent serie:

1
Ve6= Y, : - _{es)
[(R )+ + 2R - d) rccs9] [(R+ 25-d) +r" 2R +2s-di)rcm9]

i=1

where g; and d; are given by (2.84) and (2.86), respectively. In particular, for 6 = 0 we have

1 1
V(z)-iqi {R+z-a‘i-R+25-z-di} (52)

i=1

and

1 1
E(z) =z qi’ 5o 2]7. ; (2.90)
i=1 (R+z-d) R+25-z-d)

where z = r cos8 and z represents a unit vector normal to the planar sample.

In fig. 2.23 we have plotted the electrostatic potential of eq. (2.89), versus z, for V, =
15V, s = 30A and several values of the tip radius. At points close to the spherical tip the
electric field is large compared to the case where both surfaces are planar, and it gets even

larger as the applied voltage increases. Hence, for high voltages, the value one has to assign to
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the tip-sample distance so that the electric field at the tip apex is constant increases more rapidly
as the voltage increases than in the case where the tip is assumed to be planar. Consequently,
when the tip is negatively biased the constant current mode tip-sample distances are, also,
larger for high voltages than in the case of a planar tip, since the tunneling region appears in
the high voltage range close to the negatively biased electrode; thus the constant current mode

5(V,) curve will feature a bending up, which is an effect observed in the experiment.
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Fig. 2.23. Electrostatic potential along the axis between the tip and the sample (6 = 0), as a function of
coordinate z, for different values of the tip radius. The solid line represents the electrostatic potential between

two conducting planes.

If the tip were made positive with respect to the sample, in such a way that electrons
move from the planar sample towards the spherical tip, the tunneling region would appear, for
high voltages, close to the sample surface, and the constant current mode s(V,) curve would
feature a bending down, though in this case the effect of the curvature of the tip would be less
important.

In order to have a simple idea of the role played by the geometry, we argue in the
following way: For high voltages (V, > @) we are in the field emission regime and the

current is controlled approximately just by the electric field; consequently, assuming that the
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tunneling effective area remains constant (this approximation will be improved later on) and
noticing that when the tip is negatively biased tunneling electrons are mostly crossing the
interface from the tip apex, the constant current mode s(V,) curve can be determined
approximately, for high voltages, by imposing the condition of constant electric field at the tip
apex. Fig. 2.24 exhibits the calculated constant electric field mode distance-voltage

characteristic for an electric field of 0.6eV/A and several values of the tip radius.
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Fig. 2.24. Calculated s-V, characteristics making the electric field at the tip apex constant and equal to

0.6eV/A, for a planar tip (solid curve) and for different values of the radius of a spherical tip (dashed,
dashed-dotted, dotted and dashed-dotted-dotted-dotted curves).

The results of fig. 2.24 show that the s(V,) curves are dramatically dependent on the tip
radius, and comparing with the experimental data of ref. 24 one finds that the bending up of
the experimental curve is similar to the one found in our calculations of fig. 2.24 for R =
100A. This is a very elementary argument to determine the tip radius, as we will see below;

however, it shows the main effect that we will proceed now to analyse more carefully.
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Effective tunneling area

For a given tip-sample configuration, the equipotential surfaces may be calculated
numerically from eq. (2.88), searching for the zeros of a function of one variable. On the other
hand, the electric field lines may also be calculated, derivating eq. (2.88) and solving the
corresponding differential equations of first order. Fig. 2.25 shows some equipotential
surfaces and electric field lines computed in the field emission regime for V,= 15V, s = 30A
and R = 100A, when the tip is negatively biased (fig. 2.25a) and when it is positively biased
(fig. 2.25b). The equipotential surface Sk with potential equalling the Fermi level of the
negatively biased electrode is also shown in this figure; this surface divides, neglecting image
force effects, the tunneling region, that is, the classically forbidden part of the vacuum gap,

from the positive kinetic energy region of Fermi electrons.

ooV 520v 8.0V 106V 158V

(a) (b)

Fig. 2.25. Equipotential surfaces and electric field lines for a planar sample and a spherical tip of radius equal
to 100A, when the tip is negatively biased (fig. 2.25a) and when it is positively biased (fig. 2.25b). The
equipotential surface where the electrostatic potential equals the Fermi level of the negatively biased electrode,
SE, is represented by a solid curve. The field lines are represented by solid curves along the tunneling region,
and by dotted curves along the positive kinetic energy part of the vacuum gap; the tunneling region, that is, the
negative kinetic energy region of Fermi electrons is defined, neglecting image forces, by Sg and the negatively
biased electrode s surface. The numbers in the upper part and in the base of the figure represent the potential
values corresponding to the negatively biased tip and the positively biased tip, respectively; the potential
difference between tip and sample changes when the sign of the applied voltage is changed, because of the
difference between work functions. Applied voltage, tip-sample distance and tip radius have been taken to be V,
=15V, s=30A and R = 100A .
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Notice that there is an asymmetry in the problem, associated to the two very different
tunneling regions. In the field emission regime the tunneling current is approximately a
function of the electric field alone, as pointed out above, so that the width of the tunneling
region happens to be almost constant in the constant current mode and is at high voltages much
less than the actual tip-sample separations; therefore, the equipotential surface dividing the
tunneling region from the positive kinetic energy region of the vacuum gap becomes more and
more bent towards the negatively biased electrode as the voltage increases in the constant
current mode, no matter what the sign of the applied voltage is, and the effective area gets
larger. However, since the S equipotential surface gets in the high voltage regime very close
to the negatively biased electrode, when the tip is positively biased the tip asperities should
play a minor role, with the implications that will be discussesd below.

In a semi-classical picture electrons must move along the electric field lines, in such a
way that the maximum tunneling probability appears for electrons leaving the tip apex and this
probability decreases as we move from this point. As the tunneling probability decreases very
quickly with the tunneling barrier width, we can expect the effective tunneling area to be
reduced to a small area around the tip apex; moreover, it can be expected from the above
discussion to increase with the applied voltage.

The effective tunneling area can be defined integrating over the equipotential surface Sg as

follows

1
Ag=7 | 8570 , (291)

where J(r) represents the current density of electrons arriving at r in the equipotential surface
Sk, Jo being the current density of electrons tunneling along the axis between the electrodes.

Using polar coordinates, one can write

2
Aeff - E 70),0

Idf) \/[r(e)f +[dr/d9]2l 1 6) sin 6 J[r(9),9] , (2.92)
0

where r=r(6) represents the equipotential surface Sg.
If the WKB approximation is used to evaluate electron tunneling probabilities, for

tip-sample distances of interest here the tunneling current density can be obtained from eq.
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(2.20). The mean barrier height and the tunneling barrier width for electrons arriving at (r,6) in

the equipotential surface Sg can be calculated in the following way:
r(6)

- 1 ' , e o
q:[r(e),e]=m !mdr J1+r2[d9/dr] q)[r ,6(r)] (2.93)
o

and

X6 ;
As[16).6] = Idr‘\/ 1+r‘2[d9’/dr']2 , (2.94)
C)]

respectively, where
§r.o)=V,(r0) -9 |, (2.95)

if image force effects are neglected. In these expressions V,(r,6) is given by (2.88), and ry(6)
represents the polar coordinate r of the intersection point between the negatively biased
electrode surface and the electric field line @ = @(r') arriving at @ in the equipotential surface
Sg. The mean barrier height does not change appreciably with 6; however, the tunneling
barrier width changes strongly with 8, especially at low voltages. Fig. 2.26 exhibits the
tunneling barrier width as a function of the polar coordinate 8, for V,= 15V, s = 30A and R =
100A.

Fig. 2.27 illustrates how the effective area defined by means of eq. (2.92) changes for a
negatively biased tip, for different values of the tip radius ranging from 100 to 200A; in this
calculation, the constant current density mode tip-sample distance has been considered for each
value of the applied voltage. It is obvious from this figure that for small voltages the area is
practically constant, as we expected, but it increases very rapidly for voltages larger than the
work function of the positively biased electrode, as we have already discussed above.

The results of fig. 2.27 show that the effective tunneling area cannot be assumed to be
constant, so that the tunneling current density is no longer constant in the constant current
mode, neither is the electric field at the negatively biased electrode, not even at high voltages;
the results of fig. 2.24 must, therefore, be reconsidered: For each value of the tunneling
effective area and tip radius we have estimated the electric field at the tip apex for which the

tunneling current would be in the high voltage range equal to 1nA; then we have calculated the
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Fig. 2.26. Tunneling barrier width defined by means of eq. (2.94), as a function of the polar coordinate 6. The
tip has been assumed to be negatively biased, and applied voltage, tip-sample distance and tip radius have been
taken to be V, = 15V, s = 30A and R = 100A, respectively.
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Fig. 2.27. Effective tunneling area calculated from eq. (2.92), as a function of the applied voltage, for tip
radius of 100A (solid curve), 150A (dashed curve) and 200A (dashed-dotted curve). The tip has been assumed to
be negatively biased, and the constant current density mode tip-sample distance has been considered for each

value of the applied voltage.
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s(V,) curve making the electric field at the tip apex to vary in accordance to the dependence of
the tunneling effective area on the applied voltage exhibited in fig. 2.27. The results obtained
in this way are presented in fig 2.28; comparing the results of this figure with the experimental
curve given in ref. 24, one finds that the bending up of the experimental curve is very similar

to the calculated one when the tip radius is assumed to be R = 150A.

s (R)

0 5 10 15 20

Va (V)

Fig. 2.28. 5-V, characteristics making the electric field at the tip apex to vary, as the applied voltage changes,
according to the dependence of the tunneling effective area on the applied voltage represented in fig. 2.27, for

different tip radius ranging from 50 to 200A.

However, the effective area of fig. 2.27 should also be reconsidered, since in this
calculation for each value of the applied voltage the constant current mode tip-sample distance
should be taken, rather than the constant current density mode tip-sample distance taken there.
Therefore, as the constant current mode tip-sample distance depends, at the same time, on the
effective area, both quantities must be evaluated self-consistently. This point is discussed in
the next section, introducing an analysis of the tunneling current calculation through the

barrier.
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Tunneling characteristics: s-V, and dI/dV,-V,

First of all we calculate, using eq. (2.9), the tunneling current density across the potential
barrier of eq. (2.73) with the electrostatic potential V,(z) of eq. (2.89). We assume a given tip
radius, applied voltage and tip-sample distance, and consider tunneling along the axis between
the electrodes. The quantities Ay, By, Ag and Bg determined by matching the potential and its

derivative at the positions of the image planes
“4 ULr

AL,R = =
Aig ¥ [1 - J-exp(-Ag d)]/d -4V Q)

1 (2.96)

and

At 1 A /2-[1- -+ By Dexplh D]/ £4V (5 )

L
R AL,R -4 ULR

5 (2.597)

where the notation "+" means that when By, is to be calculated "+" must be used, and "-" must
be used when By, is to be calculated, and

4 (2.98)
R =852 -

In fig. 2.29 we have plotted this potential barrier for forward and reverse bias and compared it
to the corresponding barrier between two planar electrodes; it is worth mentioning that at high
voltages the tunneling region area is close to the negatively biased electrode, thus the effect of
the curvature on the tunneling current density being more important when the tip is negatively
biased, as can be inferred from this figure.

Secondly, for the same values of the tip radius, applied voltage and tip-sample distance
we determine the equipotential surfaces and the electric field lines, and calculate the effective
tunneling area integrating over the equipotential surface Sg by means of eq. (2.92). Then we
calculate the total tunneling current as the product of the effective area and the current density
of electrons tunneling along the axis between the electrodes.

Finally, for a given tip radius and applied voltage we search for the tip-sample distance

making constant the total tunneling current. Once we have determined for a given geometry,

total current and applied voltage the constant current mode tip-sample distance, we proceed to
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calculate the constant current mode distance-voltage characteristics; then we evaluate
numerically, along the calculated constant current mode s(V,) curve, the constant current mode
conductance, dI/dV,-V,, as a function of V,, evaluating for each value of the applied voltage

and tip-sample distance the effective area specified by eq. (2.92).

— Plonar tip
—— Negative tip

-10

E (eV)

-20

z (R

Fig. 2.29. Potential barrier of eq. (2.73) with the electrostatic potential of eq. (2.89), when the tip is taken to
be negatively biased (dashed line) and when it is taken to be positively biased (dotted line); the solid line
represents the corresponding model potential between two planar electrodes. The barrier parameters have been
taken to be A = 1.0ag1, Ay = 1.329°], = 1.0 and z; = zg =0, and P = 5.2¢V, Py = 4.4eV, U = 13.2¢V,
Ug = 9.9¢V, R=150A, V, = 15V and s = 30A.

We have determined the constant current mode s-V, and dI/dV,-V, characteristics for I =
InA and several values of the tip radius. Our first aim has been to determine the radius of the
tip sphere yielding a good agreement between our calculations and the experimental data given
by Becker et al2* , and we have found that a radius of 150A yields the best agreement,
although differences of 25A do not introduce important modifications to our results. Figs.
2.30 and 2.31 show the s-V, and dI/dV .-V, characteristics calculated for / = InA and a
spherical tip with radius of 1504, together with the available experimental data obtained when

the tip is negatively biased?# and when it is positively biased®3.
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Fig. 2.30. Constant current mode s-V, and d//dV,-V, characteristics calculated as explained in the text, for / =
1nA and a negatively biased tip of radius R = 150A, with A= 1.030‘1, AR = 1.330‘1, the gap distance dependent
dynamic parameter u of fig. 2.19, zp, =-0.8A and ZR = -0.2A. Also shown are the experimental curves of ref. 24
(cross points), which have been obtained for I = 1nA.
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Fig. 2.31. As in fig. 2.30, but for a positively biased tip of radius R = 15A. Here only the d//dV,-V,
experimental curve obtained for I = InA is presented83 (cross points), since the experimental s-V, curve is not

available now.

In figs. 2.30 and 2.31 the barrier parameters A, = 1.0a5! and Ag = 1.3a5"! and the gap
distance dependent dynamic parameter 4 of fig. 2.19 have been considered. On the other
hand, the aim of fitting both experimental data obtained for forward and reverse bias has led us

to choose z; = -0.8A and zg = -0.2A; the negative values of these parameters are consistent
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with the d-band character of W and Au, which will tend to displace the centroid of the induced
density towards the material, compared with the results of the jellium model.

The agreement between the theoretical and experimental values of the s-V, characteristics
of fig. 2.30 is very good; the displacement between both curves is not significative, since
experimentally it is not possible to place the tip-sample distance origin accurately so that the
experimental data only give a measure of change in tip position?4. This agreement shows that
the three-dimensional effects discussed above are necessary to explain the high voltage
behaviour of the s-V, characteristics. Moreover, the analysis allows us to deduce the
microscopic tip radius of curvature.

Good agreement is also found for the d//dV,-V, characteristics obtained when the tip is
taken to be negatively biased, although some discrepancies appear around the first oscillation
of this curve; as discussed above, this is probably due to some possible relaxation of the
sample surface. At high voltages we find, however, that the calculated oscillations of the
dI/dV,(V,) curve are a little damped in the experimental curve; this damping may be due to the
asperities of the tip that tend to produce interferences among different parts protruding more or
less from the mean tip surface, as argued by Bono and Good?8. It is interesting to remark that
the effect of the interferences among the different parts of the tip should disappear for the
opposite bias, a positive tip bias, since in this case the tunneling region is at high voltages
close to the sample surface, as discussed above (see fig. 2.25), and tip asperities play minor
roles in the tunneling process; indeed, the experimental results obtained when the tip is
positively biased®? (see fig. 2.31b) show at high voltages sharper peaks than when the tip is
negatively biased.

When the tip is taken to be positively biased, the calculated dI/dV,(V,) curve is at high
voltages lower than the experimental one and the oscillations are more spaced in voltage,
showing that the calculated constant current mode tip-sample distance gets at high voltages
smaller than the experimental one. The agreement between the theoretical and experimental
curves obtained with this polarization of the applied voltage would be better if larger values of
the tip radius were considered in our calculations; this result may be understood assuming that

the tip radius may not be the same in both experiments.
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In conclusion, it has been found that a reasonable fit to the interface potential can be made
using the improved model potential of eq. (2.73), by a trial and error process to reproduce the
experimentally determined s-V, and d//dV,-V, characteristics, which allows the tip radius to be
determined and demonstrates the importance of taking into account the 3D tip-sample geometry

in explaining the high voltage behaviour of the tunneling characteristics.



2.6.Apparent barrier height

In the preceeding sections it has been shown that the scanning tunneling microscope
happens to be a useful tool not only to obtain topographic images of surfaces but also to
provide a measure of the potential barrier that electrons feel when tunneling between two
solids, if the constant current mode s-V, and dI/dV,-V, characteristics are measured in the field
emission regime. In this section we consider experiments made at very small voltages (V, <<
1V) when the tip is displaced in the perpendicular direction to the surface keeping either / or V,
constant, since in this mode the tunneling barrier height is measured directly.

On very general grounds one can write the microscope tunneling current, at small bias,

as42

1=V k(s)e 2429 s (2.99)

?

where V, is the applied voltage, s the tip-sample distance, @ the mean tunneling barrier, and

k(s) a function of s. This equation suggests that an apparent barrier height can be defined as

@, =%[d(1n])/ds]i' (2.100)

or

1 2
3, =g [t Va)/ds]I : (2.101)

since it should coincide with the mean tunneling barrier if the dependence on s of @ and the
pre-exponential factor in eq. (2.99) could be neglected. It is worth to remark that if V, is
assumed to be small enough, egs. (2.100) and (2.101) yield the same value for the apparent
barrier height, as it has already been shown by Coombs et al34, since at very small voltages

one finds

[d(lnl)/ds]V [ar7av,]

= _ 2.102
[dGav)/as] 17V, (2102
I

Nevertheless, it is well known that the apparent barrier height, as measured with the

STM, is practically independent of the tip-sample separation and approximately equal to the
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average work function of the two solids over a long range of tip-sample distances!1-21, while
the image potential and the local exchange and correlation effects tend to reduce drastically the
interface barrier.

Binnig, Garcia, Rohrer, Soler and Flores2! have shown that these experiments are
consistent with the existence of the image potential and have stated that a reduction in the actual
barrier height inversly proportional to the tip-sample separation due to image force effects leads
to apparent barrier heights very close to the work function, even at separations where the
reduction in the actual barrier height is important. Coombs, Welland and Pethica84, using a
similar argument have stated that the image potential has no effect on the apparent barrier
height, concluding that measurements of the conductance as a function of tip-sample separation
is not a sensitive method for observing the image potential. Lang8!, arguing that the image
contributions to the apparent barrier height can be neglected and, hence, that the failure of the
local density approximation to give an image contribution to the potential far outside does not
represent a problem in this case, has employed the local density approximation to calculate the
apparent barrier height; surprisingly, he has found that the apparent barrier height goes for
large tip-sample separations above the average work function. On the other hand, Payne and
Inkson®3 have concluded that the image potential leads to an observable difference in apparent
barrier heights as deduced from egs. (2.100) and (2.101), which is in contradiction with eq.
(2.102).

In this section we clarify the existing controversy about the contribution of the image
potential to measurements of the apparent barrier height, demonstrate that the image potential
play an important role in lowering the apparent barrier height and give new arguments showing
why the apparent barrier height is so much constant over such a long range of tip-sample
separations, as experiments show. We also present specific results for the apparent barrier
height, calculated for different simple model barriers and the parametrized potential barrier of
eq. (2.73), which introduces both image force and exchange-correlation effects and gives an
appropriate description of the actual barrier height that electrons see when tunneling between
two metals.

The calculations presented in this section have been obtained assuming planar parallel
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metallic electrodes with Fermi energies of 8.0 and 5.5eV and work functions of 4.8eV.

General considerations

In order to examine the reliability of the mean barrier approximations discussed in section
2.1, which are still used to interpret STM experiments, first of all we have calculated for very
small voltages the tunneling current densities through an image reduced classical barrier with
the image potential approximated by the formula of Simmons, i.e. (2.66), by means of egs.
(2.23), (2.24) and (2.25), and also integrating numerically the Schrodinger equation and then
integrating over all allowed energies by means of eq. (2.9). We have found that eq. (2.23),
which is obtained in the MBA approximation, overestimates the tunneling current density, as
already shown by Miskovsky et al49, especially for small tip-sample separations, showing that
the derivative with separation of the current density at constant applied voltage is also
overestimated thus predicting too large apparent barrier heights. On the other hand, eqs. (2.24)
and (2.25), which are both obtained in the SBA approximation, give for small tip-sample
separations different current densities: eq. (2.24) underestimates the current density and eq.
(2.25) overestimates it, especially for small tip-sample separations, thus predicting different
apparent barrier heights.

Fig. 2.32 shows the apparent barrier height computed numerically from eq. (2.100)
when the exact result for the tunneling current density is considered by means of eq. (2.9), and
also when the approximated formulas (2.23), (2.24) and (2.25) are considered. It is obvious
from this figure that for small interelectrode separations (s < 10A) the mean barrier
approximations lead to apparent barrier heights in poor agreement with the exact results,
although for large separations these approximations lead to the correct behaviour of the
apparent barrier height: it is almost constant and equal to the average work function of the
electrodes, even for separations where the image potential reduces importantly the maximum
and mean barrier heights. It is worth mentioning, also, that for very low voltages egs. (2.20)

and (2.23) lead both to the same apparent barrier height, as well as egs. (2.21) and (2.24); on
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the other hand, for low voltages the effective barrier height defined by eq. (2.26) is very
similar to the mean barrier height of eq. (2.19), thus egs. (2.23) and (2.30) leading to similar

apparent barrier heights.

\

APPARENT BARRIER HEIGHT (eV)

o~
o —— Exaoct
4 —— MBA: (2.20) or (2.23)
—.— SBA: (2.21) or (2.24)
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Fig. 2.32. Apparent barrier height deduced from eq. (2.100), as a function of tip-sample distance, when
Simmons approximation to the image reduced potential barrier is used and the tunneling current density is
calculated by means of eq. (2.9) after having solved numerically the Schridinger equation (solid curve) or by
means of different mean barrier approximations, i.e. egs. (2.23) (dashed curve), (2.24) (dashed-dotted curve) and
(2.25) (dotted curve). The average work function, the maximum barrier height and the mean barrier height are

also given, for comparison,

Payne and Inkson®5 have used eq. (2.21), which is obtained in the SBA approximation,
to calculate the tunneling current density through the image reduced potential barrier of
Simmons. When the current density so obtained is introduced into eq. (2.100) the apparent
barrier height represented in fig. 2.32 by a dashed-dotted curve is obtained. On the other hand,
the apparent barrier height can also be obtained in terms of a derivative with separation of the
bias voltage at constant current, whenever the voltage keeps very small (V, << 1V), by means
of eq. (2.101). Thus we have performed calculations of the constant current density mode InV,

- s characteristics, for several values of the current density measured in A/cm?, and plotted
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them in fig. 2.33. In order to obtain the correct behaviour of the apparent barrier height,
independently of the bias voltage, this must be very small; consequently, for each value of the
tip-sample separation we have considered constant current densities for which V, <0.1V, in
such a way that as the separation increases smaller constant current densities must be
considered. The results deduced in this way from eq. (2.101), deriving numerically the InV(s)
curves of fig. 2.33, are plotted in fig. 2.34 as a function of separation; this figure also
indicates which InV, - s characteristic has been derived in our calculation. As we expected, the
results of fig. 2.34 are independent of the value of the constant current density, whenever the
bias voltage is very small (V, < 0.1V). Finally, let us notice that the apparent barrier height of
fig. 2.34 is exactly the same as the one represented in fig. 2.32 by a dashed-dotted curve, both
obtained using eq. (2.21) to calculate the current density: the apparent barrier height gets
smaller as the separation decreases, although it keeps almost constant and equal to the work

function of the electrodes for intermediate and large separations.

Ln Va (V)

s (2)

Fig. 2.33. Natural logarithm of the constant current density mode applied voltage, versus the interclectrode
separation, deduced solving eq. (2.21) when the image potential is included by means of the approximate
formula of Simmons, i.e. eq. (2.66), for different values of the current density J measured in AJem?. The dotted

horizontal line represents an applied voltage of 0.1V,
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Fig. 2.34. Apparent barrier height, as a function of the interelectrode separation, deduced from eq. (2.101)
derivating the constant current density mode InV,(s) curves of fig. 2.33 in the applied voltage range of 103V <
V, < 10-1V. Different line types show which curve of fig. 2.33 has been derivated.

However, Payne and Inkson85 have concluded that the apparent barrier height measured
at constant voltage is approximately equal to the work function, while the apparent barrier
height measured at constant current yield lower values; this conclusion is just a consequence of
having considered the constant voltage mode InJ - s and the constant current density mode
InV,- s characteristics in different ranges of the interelectrode separation.

On the other hand, Coombs, Welland and Phetica84 have concluded that the apparent
barrier height is extremly close to the unreduced work function, even for s = 3A, since they
have used eq. (2.25) rather than (2.21) or (2.24) to calculate the tunneling current density
through the approximate image reduced potential barrier of Simmons thus obtaining the dotted
curve of fig. 2.32.

In order to give new arguments showing why the apparent barrier height is over a long
range of tip-sample separations very close to the work function even at separations where the
reduction in the actual barrier height is important, first of all we use the MBA approximation to
calculate tunneling current densities, which leads for large separations (s > 10A) to the correct

behaviour of the apparent barrier height, as shown in fig 2.32.



70

Mean barrier approximation

Combining egs. (2.23) and (2.100) we find the apparent barrier height as
2

—1/2 1 As' @
o =] -@ A9+ sty ,(2.103)
ap =172 -1/2
{ [ a® As(1+a® As)] e 2“&'}

where @ represents the mean barrier height of eq. (2.18); the quantity As represents the

tunneling barrier width of Fermi electrons, that is, the distance between the classical turning
points at the Fermi level, and
a=2J2 , (2.104)
since in the low voltage range B as defined in eq. (2.31) takes the value unity45.
Now we consider the image reduced potential barrier of eq. (2.67) with the following

approximations of the image potential:

Vv, (=0, (2.105)

b)V, (2) = g (2.106)
and

c) Vim(z)=-% : (2.107)

where C is a constant. These approximated image reduced potential barriers are represented in
fig. 2.35 for C =1.151n 2.

In case (a), that is, when the image potential is not included, the tunneling barrier width is
equal to the tip-sample separation and the mean barrier height coincides with the average work

function. Consequently, provided that the applied voltage is very small we find
2

o =) 2|1+ 1 P , (2.108)
e 0 o (D{])'Qs l+a ¢D(1)f23) as

where @, is the average work function
D +Q
o =L R

0 =75 - (2.109)
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In particular, when s > 1/@, (for typical work functions 1/®, = 3A), eq. (2.108) can be

expanded as
o, =0, { 1+20" & (@,s5)" +o[(¢1:»0 s)‘2] } . 2.110)
0 et e 5 ! e A T e A
—— (a): (2.105) 1
—— (b): (2.106)
..... (c): (2.107)
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Fig. 2.35. Model potential barriers for very small applied voltages: (a) Square potential barrier of height equal
to the average work function (solid line), (b) lowered square potential barrier tangent to the approximated image
reduced potential barrier of Simmons, and (c) approximated image reduced potential barrier of Simmons. In this
figure the constant C has been taken to be 1.15 In2, thus the approximation (2.107) to the image potential

being equal to the Simmons approximation.

Notice that for the simplest case of an unreduced square barrier the contribution to the
apparent barrier height from the s-dependent part of the pre-exponential factor of eq. (2.23) is
of first order in (P s)-1, in such a way that the apparent barrier height approaches the average
work function from above for very large separations, as it has been already pointed out by
Lang8!. It is worth mentioning that this s-dependent pre-exponential factor in the current
density comes from the contribution to the total current density due to electrons with E,
component of the energy smaller than the Fermi energy; since this contribution happens to be
more important as the interelectrode separation decreases, the current density gets

comparatively larger for small separations and the apparent barrier height gets larger than the
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average work function. Accordingly, if tunneling electrons did not feel an image potential, the
measured apparent barrier height would appreciably differ from the average work function at
tip-sample separations commonly used in STM.

In case (b), that is, when the image reduced barrier is approximated by a lowered squared
barrier, the tunneling barrier width is also equal to the tip-sample separation and the mean

barrier height is given, for low voltages, by the following expression:

- ¢
D=0, , (2.111)

where C is equal to In 2, 1 or 1.15 In 2, depending on weather the potential barrier is taken to
be tangent to the image reduced barrier with the image potential specified by egs. (2.64),

(2.65) or (2.66), respectively. Hence, one finds

W N wd
(#%4) =BP [ 1425 2.112)
2 ps

and

i 5 i e, s . s 15 (2.113)

Thus combining egs. (2.103), (2.112) and (2.113) we find, provided that the applied voltage

is very small, the apparent barrier height as

2
_1p
o= 3 (1+.;-__C) T+ — : — LEI-S(L%_—C) (2.114)
s a® s(l+ad s)] s

where @ is given by eq. (2.111), as a function of interelectrode separation.

It is interesting to notice that when s > 1/@; eq. (2.114) may be expanded giving eq.

(2.110), since

172 1 C 12 -2
[0)] (1+§-a)=¢0 {1+O[(-:D0s) ]} (2.115)

Accordingly, the potential barriers of cases (a) and (b) lead to exactly the same apparent barrier
height up to first order in (@, s)'1. However, the apparent barrier height deduced in cases (a)
and (c) is not very close to the work function; instead, the lowered and non-lowered square

barriers give apparent barrier heights above the average work function.
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As a result of the variation with separation of the actual barrier height in case (b), the
tunneling current increases more rapidly as the separation gets smaller, and this effect
completely mask, up to first order in (@ 5)-1, the absolute reduction in barrier height, as
already shown by Binnig et al2!. Nevertheless, it cannot be concluded from this that the image
potential does not contribute to measurements of the apparent barrier height, as will be shown
below.

In case (c), that is, when the full behaviour of the classical image potential is taken into

account, the mean barrier height can be written as

E&:@O-ﬁ_? ; (2.116)
where
Sy
Cs dz
f(s) -__.[z(s-z) . (2.117)

51

Thus substituting (2.116) into (2.103), we find

uz(A_ 119, _lj_f@) i 1
2D As 2 o a?DmAs 1+ (x@mAs)

1 AS) aos 1f(S)
i As--z--&)— )} (2.118)

It is of crucial interest to observe that when this expression is expanded in powers of (@,

)1 it does not lead to eq. (2.110), unless the function f(s) has not any non-zero first order

term in (@, s)1, since in this case

-1/2 1. € 1/2 1/2
D (1 2@3 (DO {1--—<D f()+0[((1> s)]}

Indeed, performing the integral in the second hand of eq. (2.117), we find, after some algebra,

and
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Thus substituting eq. (2.120) into eq. (2.119) and derivating, we find

s )—-C—:-? (2.121)
and
-1
g0 (% 12
As'= = (2.122)

Finally, substituting (2.116), (2.121) and (2.122) into (2.103) we find the apparent barrier

(@+¢ e C(D 12 C/4)
’ ad As(1+o:'aﬁ As)

- -1
D -3Ds-CD. /2
L e B 0/~ C/4 , (2.123)
o As 20 As DAs

where @ is given by eq. (2.116), as a function of interelectrode separation. In particular, when

height as

s > 1/@; eq. (2.123) can be expanded as3!
- . -9 ol 2 1 )
o, =9, {1 (c/2-2a'0l2) (@5) +O[(<D0s) ]} (2.124)

Consequently, the potential barriers of cases (b) and (c) do not lead to the same apparent
barrier height, not even up to first order in (@, 5)-1; instead, when the full behaviour of the
classical image potential is considered the resulting apparent barrier height is lower than the
apparent barrier height obtained in cases (a) an (b), though it is still higher than the actual
barrier height. This happens because in case (c) the mean barrier height decreases with
separation more slowly than the maximum barrier height, which is obvious from egs. (2.116)
and (2.121), and, accordingly, the absolute reduction in barrier height is not completely
masked by the effect of its variation with separation.

It is interesting to observe, also, that for typical work functions the first-order
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contributions to the apparent barrier height from the s-dependent part of the pre-exponential
factor in the current density and from the s - dependent f function in eq. (2.116) nearly cancell
out: when @, = 4.8eV the potential barrier of case (c) leads to an apparent barrier height that
would exactly coincide, up to first order in (@, s)-1, with the average work for C = 0.59.
Consequently, when the exact classical image potential of eq. (2.64) or the approximated
formulas of egs. (2.65) and (2.66) are considered the apparent barrier height approaches the
average work function from below for large interelectrode separation and remains, for gap
widths large enough for second and higher order terms in (@, )1 to be negligible, nearly
equal to the average work function, as the results of next section will also show.

In order to illustrate the discussion we have just made about the contribution of the image
potential to the apparent barrier height, in fig. 2.36 we show the apparent barrier heights
deduced from egs. (2.108), (2.114) and (2.123) for cases (a), (b) and (c), respectively, for

two different values of C.

P e (0): (2.108)

; —= (b): (2114) . C= 1.151n 2
-~ (b): (2.114) ,C= 1.0

/ —— (c): (2.123) ,C=1.151In 2

APPARENT BARRIER HEIGHT (eV)

—— (e): (2.123) . C= 1.0
NI (R S-S - T R |

0 5 10 15 20
s (R)

Fig. 2.36. Apparent barrier heights deduced from egs. (2.108), (2.114) and (2.123) for cases (a), (b) and (c) of
fig. 2.35, respectively, as a function of tip-sample distance, for two different values of C: 1.15 In2 (solid and
dashed curves) and 1.0 (dashed-dotted and dashed-dotted-dotted-dotted curves). The maximum barrier heights of

cases (b) and (c) are also shwon for these two values of C.
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In agreement with the preceding discussion, it is obvious from this figure that when the
image potential reduced barrier is assumed to be constant and equal to its maximum value (case
(b)) the apparent barrier height is larger than @y, however, when the more appropriate image
reduced barrier of case (c) is considered the apparent barrier height is somewhat smaller than
@y, showing the important role that the full behaviour of the image potential plays in lowering
the apparent barrier height, even though it is higher than the actual barrier height. It is
interesting to observe, also, that the apparent barrier height is in case (c) rather constant and
close to @, although it depends for all gap widths slightly on the maximum barrier height:
greater maximum barrier heights give greater apparent barrier heights. Contrarily, in case (b)
the apparent barrier height is, for gap widths large enough for second and higher order terms
in (@, 5)! to be negligible, independent of the maximum barrier height, and it gets larger, at

very small gap widths, as the maximum barrier height decreases.

Exact results

For small interelectrode separations the WKB mean barrier approximations are no longer
valid, so that it is necessary to calculate exactly the transmission probabilities of tunneling
electrons and integrate numerically over all allowed energies by means of eq. (2.9).

The transmission probabilities of electrons tunneling the non-lowered and lowered square
barriers of cases (a) and (b) of the preceding section are easily calculated by connecting
exponential functions, solutions of the time-independent Schrodinger equation through this

barriers, and their derivatives at the interfaces:

2
4k kyk
B L 'R _ , (2.125)

K (e + k) + [k2 &+l + )+ K k;] sinh”(k 5)

where

k, = f 2(-U)) , (2.126)
kp = / 2(E-UR) (2.127)



77

and
k=J2CGE-Cis) . (2.128)
The constant C is zero when the unreduced square barrier of case (a) is considered.
Now substituting eq. (2.125) into eq. (2.9) and then introducing eq. (2.9) into eq.
(2.100) we can compute the apparent barrier height. In particular, if transmission probabilities

of electrons with energy components E, smaller than the Fermi energy are neglected one finds

2
dlnD dinD
@ap=%. = L C2 - J , (2.129)
J kos 0
where
< O g S, 221 .
al“D{) -ko[ko (k0+kL+kR)+kLkR] sinh(2 kos)
= (2.130)
ds B
and
dlnD 2 A
0
S (2.131)
akﬁ k, B

In these expressions D represents the transmission probability of Fermi electrons incident in

the direction perpendicular to the tunnel junction, and

ko= f2 (@ -Cls) , (2.132)
A =2k, (k +k)’ +2k, QK> +k +k) sinh’(kys)
I 2 ;2 :
+ [k0 (ko + ki + k) + k. kR] s sinh(2 k;s) (2.133)
and
B=K (k +hk) + [kﬁ K+l + ) +k k;] sinh’(kys) - (2.134)
Fig. 2.37 exhibits the apparent barrier height calculated when the transmission
probabilities of eq. (2.125) are integrated by means of eq. (2.9) and the result introduced in
eq. (2.100), together with the apparent barrier height of eq. (2.129). This figure shows that
the contribution to the apparent barrier height from electrons with energy component E, smaller

than the Fermi energy is important, as also shown by egs. (2.110) and (2.124) of the

preceding section. On the other hand, a reduction in the barrier height prportional to 1/s does
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not introduce any change in the apparent barrier height for large separations; moreover, for
small separations lower barriers give higher apparent barrier heights, in agreement with the

results of the preceding section.

| | —— (a): C= 0, integrated

| —— (a):C=10, (2.129)

—..—(b): C= 1.15 In 2 , integrated
| —— (b): C= 1.151n 2, (2.129)

; . Work function
b m s o e —a e e e WS

0 5 10 5 20
s R

APPARENT BARRIER HEIGHT (eV)

Fig. 2.37. Exact results for the apparent barrier height, as a function of tip-sample distance, when the
non-lowered (solid curve) and lowered (dashed-dotted-dotted-dotted curve) square barriers of cases (a) and (c) are
considered and the tunneling current density is calculated integrating the transmission probability of eq. (2.125)
over all allowed energies by means of eq. (2.9). The apparent barrier height of eq. (2.129) obtained not
integrating the transmission probability over allowed energies is also represented for the non-lowered (dashed
curve) and lowered (dashed-dotted curve) square barriers.

It is worth mentioning that when a very small applied voltage is introduced in the square
barriers of cases (a) and (c) and Airy functions and their derivatives are connected at the
interfaces in order to determine the transmission probabilities, exactly the same results as those
shown in fig. 2.37 are obtained, as we expected.

The transmission probabilities of electrons tunneling the approximated image reduced
potential barrier of Simmons have been calculated solving the Schrédinger equation
numerically, thus obtaining the exact tunneling current density by integrating over all allowed
energies. The apparent barrier height deduced fro eq. (2.100) having calculated the current

density in this way is represented in fig. 2.38, for small separations, together with the apparent
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barrier heights of cases (a) and (b) also represented in fig. 2.37. Let us emphasize that the
apparent barrier height is for the more appropriate potential barrier of case (c) rather constant
and close to @, for gap widths larger than 5 or 6A, in agreement with the experimental results
and the discussion of last section. However, in these calculations the apparent barrier height
goes to zero for s = 1A, this is a shortcoming of the image potential model introduced, which
at very small separations does not describe the barrier that electrons feel when they tunnel
between the tip and the sample. Indeed, as shown by Lang3¢ and Ferrer et al%?, the apparent

barrier height goes to zero for s = 0.

APPARENT BARRIER HEIGHT (eV)

| _/ — (@) C=0
1/ —— (b) C= 1.15 In2
! ,/ —.— (c) C= 1.15 In2
o -/ o 1 L 1 N [l 1 1 "
0 2 & 6 8 10
s (R)

Fig. 2.38. Exact results for the apparent barrier height, as a function of tip-sample distance, when the
potential barriers of cases (a) (solid curve), (b) (dashed curve) and (c) (dashed-dotted curve) are considered: (a)
unlowered sqare barrier, (b) lowered square barrier with C = 1.15 In2 and (c) Simmons approximation to the
image reduced barrier (C =1.15 In2).

In order to give a more realistic description of the barrier, we have improved on these
results by using the parametrized model barrier of eq. (2.73). For small interelectrode
separations egs. (2.80) and (2.81) are no longer valid and the parameters 4;, and Ag making
the value of the interface potential at the image planes constant strongly depend on the gap

distance. To evaluate these gap distant dependent parameters, we have solved mumerically for



each distance the following algebraic system

-Z.Rd
1 e -1
V(ZL)=-I[2| --.—dl—.—-A g

V(s -zp) =-%[1R-

The gap distance dependent parameters A; eta Ag making V(zy) = V(s-zg) =- @, - 1.3eV

|

80

(2.135)

(2.136)

are shown in table 2.1 for @ = @y = 4.8eV, and in table 2.2 for @ = 3eV and Py = 6¢V. In

these tables the gap distance dependent parameter i considered in our calculations is also

shown.

Table 2.1. Potential barrier parameters A , A and u considered in our calculations when the work functions
are taken to be @ = @y = 4.8¢V.

d(A) I A= Ag (ag™) dA) u A=)
0.1 0.01 0.49 1.0 0.50 0.76
0.3 0.09 0.57 3.0 0.50 0.81
0.5 0.22 0.65 5.0 0.50 0.85
0.7 0.35 0.71 7.0 0.50 0.86
0.9 0.46 0.75 9.0 0.50 0.87
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Table 2.2. Potential barrier parameters 4; , A and y considered in our calculations when the work functions
are taken to be @ = 3eV and P = 6eV.

dA)  p A(agl) Ap(ag)) dA)  u M) ArGa D
0.1 0.01 -1.59 2.99 1.0 0.50 0.44 1.04
0.3 0.09 -0.19 1.43 3.0 0.50 0.55 1.00
0.5 0.22 0.16 1.16 5.0 0.50 0.58 1.02
0.7 0.35 0.33 1.08 7.0 0.50 0.60 1.04
0.9 0.46 0.42 1.05 9.0 0.50 0.61 1.05

The tunneling current density calculated by means of eq. (2.9) of electrons tunneling the
parametrized potential barrier (2.73) is plotted in fig. 2.39 versus gap distance, i.e. distance
between image planes, for V, = 0.01V, @ = @g= 4.8¢V and the gap distance dependent
barrier parameters Ay, Ag and L given in table 2.1, which approximately fit the potential of ref.
74. In figs. 2.40 and 2.41 the apparent barrier height is exhibited as a function of gap distance,
for the special case @ = @g= 4.8eV and also for significantly different values of the work
functions (@ = 3eV and @y = 6eV), when the potential barrier parameters 4, Ag and u are
taken to be those of tables 2.1 and 2.2, respectively. The results of these figures also show
that the apparent barrier height is rather constant and quite close to @, for d > 6A, although
they differ, at short gap distances, substantially from the results obtained with the classical
image potential of eq. (2. 107). Indeed, the apparent barrier height calculated with the model

barrier of eq. (2.73) goes to zero for d = 0, in agreement with refs. 86 and 87.



82

Ln J (A/ch)

d (&)
Fig. 2.39. Natural logarithm of the tunneling current density versus gap distance, for V, = 0.01V, deduced
from eq. (2.9) having solved the Schrédinger equation through the potential barrier of eq. (2.73) with @ = &
=4.8eV and the gap distance dependent barrier parameters of table 2.1.

Work function

APPARENT BARRIER HEIGHT (eV)

s (R)

Fig. 2.40. As in fig. 2.38, but when the model barrier of eq. (2.73) is considered, with @ = &g = 4.8¢V and
the gap distance dependent barrier parameters of table 2.1. Also shown are the maximum barrier height and the
mean barrier height defined by eq. (2.18).



83

Average work functio

4

APPARENT BARRIER HEIGHT (eV)
2

s (B)
Fig 2.41. As in fig. 2.40, but with @ = 3.0eV, @p = 6.0eV and the gap distance dependent barrier
parameters of table 2.2.

In figs. 2.40 and 2.41 we show, as well, the mean barrier height, @, as calculated from
eq. (2.18) using the potential model of eq. (2.73). The comparison of the two barriers, @ and
®,,,, shows the large difference between them for the actual potential of the interface. On the
other hand, it is worth emphasizing that the apparent barrier height is always smaller than @
this is the main difference between the results presented here and Lang’s calculation®!, which
otherwise shows a reasonable agreement with our results at short distances. The reason of this
discrepancy can be traced back to the non-local effects (image potential), not included in

Lang’s calculation, which play an important role in lowering the apparent barrier height, as has

been shown above.
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3. INTERACTION OF SWIFT DICLUSTERS WITH
ELECTRONS IN SOLIDS: KNOCK-ON ELECTRON
EMISSION






u3

3.1.Introduction

It is well known that the potential of charged particles is modified when they pass
through matter; indeed, when charged particles penetrate a solid target they disturb the
electrons of the target and the response of these electrons represents a modification of the
electric field and potential of the penetrating particles.

In particular, for swift charges particles with velocity exceeding the Fermi velocity the
electron density of the target shows collective oscillations behind the instantaneous location of
the projectile. In 1948 Bohr! referred for the first time to this phenomenon of coherent electron
displacements in solids, and explained qualitatively that a fast positively charged particle
penetrating matter induces an electronic polarization wake trailing behind the particle; however,
the first calculation of the wake was made by Neufeld and Ritchie?4, who derived an explicit
expression for the distribution of the polarization density in the space sourrounding the moving
particle.

In order to account for the wake potential and the induced electron density fluctuations
originated by the passage of fast charged particles through matter, Neufeld and Ritchie treated
the electron gas as a quantum plasma and studied the dynamic behaviour of the plasma in the
linear approximation, following the collective description of electron interactions which had
been investigated by Bohm and Pines>-8. Neufeld and Ritchie used a local metallic dielectric
function to represent the response of the medium, and found that as a result of the collective
response of the medium the induced electron density is periodically distributed in space and
time. A quantum mechanical dielectric response function of the electron gas has been derived
by Lindhard?, in the Random Phase Approximation (RPA)10.

Since these pioneering works were developed, the distribution in space and time of
perturbations of electron motion in solids caused by the passage of swift particles has been the
subject of a continued theoretical and experimental interest!!-27. In particular, non-local
dielectric functions of the target have been used!5:18:19:22.23 to calculate the wake potential and
the induced electron density fluctuations, and also to estimate the binding energy of

wake-riding states and the stopping of a charged particle passing through matter due to the
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polarization of the medium.

Most of the experimental work in this field is related to measurements of the electric field
strength and the wake potential, quantities that are obtained from certain averages of the
induced electron density fluctuations. However, recent experimental research has been
concerned with the distribution in space of valence electron density fluctuations induced by the
passage of swift ions28: measurements of the knock-on collision electrons emitted under
bombardment of swift dimolecular ions have been performed, since the electron density
fluctuations induced by the leading ion around the trailing ion of the bombarding dicluster may
appear experimentally in the dependence of the emitted knock-on electron yield on the
orientation of the projectile.

In order to interpretate such experiments for the detection of electron density fluctuations,
it would be necessary to use a non-linear theory which accounts at the same time for the
induced electron density fluctuations and the non-linear effects associated to the multiple
scattering between valence electrons and bombarding diclusters; however, no detailed
non-linear theory exists at present. In this chapter some preliminary theoretical work involving
the interpretation of such experiments is presented.

In section 3.2 linear-response theory calculations of the electron density fluctuations
induced by the leading ion at the position of the trailing ion of the bombarding dicluster are
presented2?, as a function of the orientation of the projectile, in the plasmon-pole
approximation. In section 3.3 we go beyond first order and study theoretically the dependence
of the 0° knock-on collision electron yield caused by the passage of swift dimolecular ions
through matter on the orientation of the moving diclusters; the scattering by each ion is
described by means of the phase shifts of a velocity dependent Yukawa potential describing the
dynamic screening, and the multiple scattering effects are approximated within the second
Born approximation30, In section 3.4 scattering theory is combined with methods developed in
the theory of low energy electron difraction (LEED), in order to study in detail the dependence
of multiple scattering effects on the orientation of the molecular axis of the projectiles3,

Finally, references are given.
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3.2. Electron density fluctuations

Assume that a charge of magnitude Z moves with uniform velocity v through an
homogeneous isotropic electron plasma. Noting that a fast charged particle (v > la.u.) which
interacts with matter may be considered to be a point charge with a well-defined trajectory, the
charge density due to this particle is

Po (K, @) =Z3(r-v1) . 3.1)

Assuming that departures of the plasma from equilibrium are small perturbations around

the undisturbed motion of the system, we can use a linear approximation and find

k.,
p(k,w)=L), (3.2)

where p,,(k,) is the Fourier transform of the charge density due to the external particle and
e(k,w) represents the dielectric response function of the plasma. Hence, the induced electron

density fluctuation én(r,r) = - p;q(r,f) in the medium is given by

1 1
Idk da)pen(k s a)) [m = 1] €

en)
Now substituting eq. (3.1) into eq. (3.3), one finds

itk.r-wi

dn(r,t)= - (3.3)

7 bog e iL@z- vt 1 -1
on(p,z,t)= - Jdk k J (k p)dec ’ k. ook =2 ,(3.4)
(27:)2 vy 110y J 9( 1 O, V)

where p and z are cylindrical coordinates referred to the direction of motion, and &, and k, are
components of the wave vector k in the plane perpendicular to the direction of motion and in
the direction of motion, respectively.

The salient features of the full quantum expression for &(k,®) in metals can be retained

by using the plasmon pole approximation32-34
2
)
ek, w)=1+ 4 " (3.5)

ﬁ2k2+% K- o (oriy)

where 7is an effective damping constant, and @, represents the classical plasma frequency of

a free electron gas with equivalent one-electron radius r:
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3,172

© =3/ (3.6)

The constant f3 is the velocity of propagation of density disturbances in an electron gas, vg

being the Fermi velocity of electrons in the medium:

12
;3=(-§-) Ve 3.7)
Substitution of eq. (3.5) into (3.4) yields the electron density fluctuation!®
dn(p,z)=8n(p,z)+dn,(p,2), (3.8)
where
Q.
Z o’ i ,/2 +8 %
Snl(p,z)=—_—lde o T opy NG D (3.9)
ﬁ” 0 EJaté
and
2 e 2 st : . .
Z®o
Bry(p,2)=—= [d004 (T on — fo EFLAL DT
f27g Y
with
Z=z-vt . (3.11)
In these expressions,
1 2 22 2]?
0,~——|?-8-af] . (312)
I
a=v-F-0°, (3.13)
172
§=[(v2-ﬂ2)2-2v2Q2-w§l ; (3.14)
—_ (3.15)
7z
1
fu— 160 (3.16)
2
and
G=(Q4+2ﬁ2Q2+w§)m. (3.17)

The notation "+" means that whenZ > 0 "+" is to be used; similarly, "-" is to be used when z
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< 0.

Eq. (3.8) is exactly the result obtained in the plasmon pole approximation when the
induced electron density fluctuations are related to the wake potential by Poisson equation,
being the wake potential equal to the mean value of the scalar potential of the interaction

between the moving particle and the plasma, with the interaction hamiltonian given by3’

H= D, 8, f0 (b +b%) (3.18)
k
where
fy=-ze*" (3.19)
and
172
2 (op
A : (3.20)
k'Vao,

as shown by Echenique and Ritchie33.36. In these expressions V is the normalization volume,
+ ; SR

b, and by, are the plasmon creation and annihilation operators, and @, represents the energy

difference between the excited state and the ground state, which is, in the plasmon pole

approximation, unique for a given k and given by
1/2

o =(+ £+ k) . (321)
Consequently, when swift diclusters, each ion having charge Z and constant velocity v,

penetrate solid targets the density fluctuation induced by the leading ion at the position of the
trailing ion is given, in the plasmon-pole approximation, by eq. (3.8), where

p=Rsin 6 (3.22)
and

Z=-Rcos 6 . (3.23)
R is the distance between the pair of ions of the dicluster, which is assumed to be constant,
and @ is the angle formed by the molecular axis of the projectile with the beam axis (see fig.
3.1). Fig. 3.2 shows plots of the electron density fluctuation calculated in this way, as a

function of the angle 8, for R= 2.2a,, r,= 1.53a; and different constant velocities of the
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projectile.

, zZ
RAO v
/

Z

Fig. 3.1. Geometry of the bombarding dicluster, each ion having charge Z and velocity v. R is the distance

between the pair of ions, and & is the angle formed by the molecular axis of the dicluster with the beam axis.
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Fig. 3.2. Electron density fluctuation per unit electron density and unit charge induced at the position of the
trailing ion by the leading ion, as a function of the orientation 8 of bombarding diclusters moving with
velocity v = 2.5a.u. (solid curve), v = 4.0a.u. (dashed curve) and v = 8.0a.u. (dashed-dotted curve); the medium
is characterized by a density parameter rg = 1.53a,,. Also shown are the corresponding angles 6 = sin"1(B/v)
(vertical dotted lines).

The electron density fluctuation of target valence electrons in the position of the trailing

ion is most prominent when the trailing ion is in the conical region behind the leading ion with
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half-angle of opening 6 = sin"1(f /v ), which defines the envelope of the collective wake.
Consequently, the yield of knock-on electrons produced by the trailing ion should be sensitive
to the density fluctuation of target valence electrons, and these experimental data might be used
to study the electron polarization wake, as suggested by Yamazaki?8. Hence, Yamazaki and
coworkers have measured the yield of knock-on electrons emitted at 0° with respect to the
beam axis from carbon foils bombarded by 4.5MeV N; ions (v =2.5a.u.), as a function of the
orientation of the projectiles, and have found that the electron yield decreases as € increases,
which is qualitatively in agreement with the results of fig. 3.2.

Nevertheless, it is not well-known what the relationship between the yield of knock-on
electrons and the electron density fluctuations of the target is; moreover, the cross sections of
0° knock-on electrons also depend on the orientation of the bombardin g diclusters, even when
there is not any valence electron density fluctuation in the target. Consequently, in order to
give an interpretation of such experiments it is necessary to study in detail the result of the
multiple scattering involved in the interaction of swift diclusters with matter leading to
knock-on electron emission.

The following sections attempt to study in detail the dependence of multiple scattering
effects on the orientation of bombarding diclusters, by means of second order perturbation
theory and also combining scattering theory with methods developed in the theory of low

energy electron diffraction (LEED).
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3.3.Scattering of electrons by swift diclusters penetrating matter:

perturbation theory approach

We consider a solid target and the process of valence electrons being scattered by the
passage of swift dimolecular clusters, each ion having charge Z and velocity v, as shown in
fig. 3.1; R is the distance between the pair of ions of the dicluster, and 8 is the angle between
the molecular axis of the projectile and the beam axis. Treating the ion as infinitely massive,
we work in the projectile inertial frame.

Assuming that the unscattered wave functions of target valence electrons are plane waves,
they may be expanded in partial waves corresponding to given values of the quantum numbers

I and m, about the jth ion of the dicluster, as38

o m=1

1 k.r. *
O (N=—=dme’’ Z Z i jfklr - Y, (R /)Y, (s) (3.24)

Jv 1=0m=-1

where k; is the momentum of the incident electron, V is the normalization volume, j; represents
the spherical Bessel function of the first kind and Ith order39, £ is the momentum modulus of
the incident electron, which is constant as far as scattering is assumed to be elastic, r; is the

position vector of the jth ion of the dicluster, Y, are the spherical harmonics, and

il 325
sf_lr-rjl ' (3.29)

As a result of the interaction with bombarding diclusters, the wave functions of target
valence electrons are no longer plane waves; instead, they are the solution of the Schrodinger
equation corresponding to the potential created by the dicluster. If the potential created by each
ion of the dicluster were the Coulomb bare potential, the Schrédinger equation could be
expressed in prolate spheroidal coordinates and the spheroidal phase shifts and scattering
amplitudes could be computed40-46, though it would be a cumbersome task.

However, the Coulomb potential of the ions is screened by the polarization of the
medium and the scattering between bombarding diclusters and target valence electrons is not
exactly solvable. Thus with the aim of calculating the scattering amplitudes of this interaction

process, first of all we consider the scattering of target valence electrons from two independent
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ions, and then approximate the multiple scattering effects within the second Born
approximation.
The stationary scattering wave function of target valence electrons in the central potential
of each ion constituting the bombarding dicluster may be expanded in partial waves as
TR < N
e Vi
‘Pki(r) - 2 2 G (O Rk, Ir- rJ.I) Y, m(sj) . (3.26)
I=0m=-1
where ¢, are the expansion coefficients, and R; are the radial functions; for every radial

function we have

11 df 2d (K1)

7|5 r=)- ; Rk, +UNRK,N=ERK,r) .  (327)

The screened potential U(r) created by each ion satisfies the condition

F —o0

lim U@ . (3.28)
r1+s

where M is some constant and € > 0. Therefore, out of the range of the potential the general

solution of eq. (3.27) may be expressed as?’
Rk, n=CVw jkr) +CPWnkn (3.29)
where j, and n, are spherical Bessel functions of the first and second kind, respectively, and
tan §(k) = - C (k) / C\" (k) (3.30)

the quantities §; being the phase shifts, which display the influence of the interaction.
Substituting eq. (3.30) into eq. (3.29) one finds, in terms of spherical Hankel functions of the

first and second kind,
218
R(k,r)=DK) [e "B + K2k r)] : (331)

where the quantities D; are some functions of &.

Introducing eq. (3.31) into eq. (3.26) and taking advantage of the relationship between
the spherical Bessel functions of the first kind and the spherical Hankel functions of the first
and second kind, the scattering wave function may be expressed, out of the range of the

potential, as
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¥, 0=, + ) (332)

where @;(r) is the unscattered wave function,

qak(r)-c "z Zd oK) J(k I - rI)Y (s), (3.33)
I=0m=-1
b
and ‘P‘;,{r) is the scattered wave function,
-] 2i g
L i -r) ¥ 334
) 1 ( r'rj) lm(sj) . 3. )

'f'f?(r)=eik"’fi PIRCE
? -1

I=0 m=

Comparing eqgs. (3.24) and (3.33), one finds the values of the coefficients dj,,, thus rewriting

eq. (3.34) as
) 1 ik &S
I3 T 3 - *
'f{ci(r)=_v4 re ;fZ{)mZ.‘zl k- T Y, (/) Y, ,(5),(3.35)
which for large r is given by
'P(S) 1 id.rj ei kr
0 = —=e f% k)y— . (3.36)
ki roe VY i

In this expression, kyis the momentum of the scattered electron, A is the momentum transfer,

A=k - kf 3 (3.37)

and f O(k;,k) represents the scattering amplitude,

m=1 215

Po. 4= 3 P

=0 m=-1

Y kK Y, (k/k) : (3.38)

Choosing the z-axis along the direction of k;, eq. (3.38) may also be written as

216
P (cos 0 ., (3.39)

(k k)——2(2£+1)

where@ is the angle between k; and k;; and the quantities P; are the Legendre polinomials.
Consequently, if scattering were sufficiently weak for multiple scattering to be neglected,
the differential scattering cross section of target valence electrons in the potential of the

bombarding diclusters would be

2
= |1 +€4%) s F f)I , (3.40)

d.Q
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where R represents the position vector of the leading ion with respect to the trailing ion. It is
interesting to observe that even when multiple scattering effects are neglected the differential
scattering cross section strongly depends on the orientation of the bombarding diclusters. In
particular, the differential scattering cross section of electrons emitted at 0° with respect to the
beam axis is maximum when the bombarding dicluster is orientated in a plane perpendicular to
the beam axis, and there can be other maxima for different orientations depending on the
velocity and the internuclear distance of the projectiles.

In cases where scattering is strong enough there are other large contributions to the
scattering cross section, since the electronic flux scattered by one ion can incide on the other
ion scattering again, and so on. Thus the incident electronic wave on each ion is no longer an
unscattered plane wave; instead, it is the superposition of the unscattered wave and the
scattered wave resulting from a multiple scattering process. Now we approximate these

multiple scattering effects within the second Born approximation.

Second Born approximation

The stationary scattering wave function, solution of the time-independent Schrédinger

equation of a target valence electron in the potential U(r) can be written as®8

¥ (1) =, (F)+2 _[dr'crg"(r AU ¥, () (3.41)

where @y;(r) is the incident plane wave, and G(r,r') is the outgoing Green function

. ik.(r-r)
G;+)(r,r‘)= -(27) " lim J—-— dk' . (3.42)
+ N
=0 kK -k -ie

Eq. (3.41) is the Lippman-Schwinger equation of potential scattering. For large distances the
scattering wave function (3.41) can be expressed as eq. (3.32), where the scattered wave

function is

ikr
s 1
W) = —=fk; k) — , (343)

i r-—>o0 ﬁ
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and

[k k) =- 2 <@, 1T ¥ (3.44)
2 U i

The Lippman-Schwinger equation can be solved by iteration, starting with the plane wave
@;(r) as the zero order approximation; then substituting the scattering wave function ¥g;(r)
into eq. (3.44), one would find the Born series for the scattering amplitude in powers of the
potential . Instead, if the first order approximation of the scattering wave function is introduced

into eq. (3.44), one finds the second Born approximation for the scattering amplitude:

v (+)
fB2=-$[< qokfIUI(pkl_>+2<q9kflUG0 UI(pk'_>] ; (3.45)

or, substituting eq. (3.42) into eq. (3.45),

<qokfIUIgoq><(pquIqoki> o

1% vV
fo =-—I|<e@, IUlgp, >- qu
By 27 (pkf (Dk" 4 n3

q2 ) kz 3 0+

This result can also be obtained by means of time-dependent perturbation theory, when the
perturbation is assumed to be constant in time except for being turned on as t — - and off as ¢
— +ood9,

The potential of the bombarding dicluster is
Urn=U,+U/(r+R), (3.47)

where U,(r) and U;(r + R) represent the potentials created by the trailing ion and the leading
ion of the dicluster, respectively. For high momentum transfers, the wake potential of swift

ions may be approximated by a spherically symmetric form of the total potential that electrons

in the medium feel, that is, a velocity dependent Yukawa potential
z ..z
uye =-—¢ ", (3.48)

where

w
gl | (3.49)
v

Here @, is the plasmon frequency given by eq. (3.6), and v is the velocity of the projectile.

Substituting eq. (3.48) into eq. (3.46) leads, after some algebra, the following result
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fB (kf’kf)= (1 +eiAR)f1]; (kl*k)+f(k‘9kf) » (3.50)
2 2

where A is given by eq. (3.37), and f;z(k,-, k) is the second Born scattering amplitude of
electrons in the potential of eq. (3.48) created by a point charge of magnitude Z moving with

velocity v through the target (see Appendix):

(3.51)

fBz=Az+a2 AT oar 2 r-kal

& T aA I
0 27 +(22) [ o 1i +kA
where

4 .2 a .2 e
F=[a+k (4a+A)] . (352}

f'(k;, ky) represents the scattering amplitude related to first order multiple scattering effects:
-ik-@R  -i(g-k).R
e +e

f (3.53)

B ZZZJ‘ dg

2 g g '
n g -k -i0" (a2+|k1.-q|2) (a2+lq-kf12)

In the case of a swift charge particle moving with velocity exceeding the Fermy velocity,

klo >> 1 for typical electron densities of the target, and the criterion for convergence of the

Born series becomes

Z k
il _ 54
klna«l (3.54)

Thus we expect the Born approximation to be valid for large incident velocities and small
charges. In fig. 3.3 we compare the second order differential scattering cross section of
electrons in the central potential created by a single ion, deduced squaring the modulus of the
scattering amplitude (3.51), with the well known first order differential scattering cross section
and the exact result, when k; and k; are taken to be -vand v, respectively.

Fig. 3.3 shows that the second Born approximation offers no improvement over the first
Born approximation, even at high velocities for which we would expect the Born series to
converge rapidly. The reason for this failure of the second Born approximation has been
pointed out by Joachain’0, noting that the second order differential scattering cross section
does not account for all second order corrections in k to the first order differential cross
section. Consequently, when scattering of electrons in the potential of eq. (3.47) is

considered, instead of approximating the exact scattering amplitude by the second Born



DIFF. CROSS SECTION (cm”)
2x107%!

10—!?‘

DIFF. CROSS SECTION (cm’)
5%10718

106

scattering amplitude of eq. (3.50), we approximate it by
fik; k)= (1+¢4%) ., k) +f(k; k) | (3.55)

where f0is the exact scattering amplitude of eq. (3.39) of electrons in the central velocity
dependent Yukawa potential of a single ion, and f", given by eq. (3.53), accounts for the first

order multiple scattering effects. Therefore, in this approximation we have
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Fig. 3.3. Calculations of the differential scattering cross section, versus v, of electrons in the central potential
of eq. (3.48), deduced squaring the modulus of the exact scattering amplitude of eq. (3.39) (solid curves),
together with the first and second order differential scattering cross sections deduced for the same potential
squaring the first term and the modulus of the whole scattering amplitude of eq. (3.51), respectively (dashed and
dotted curves); k; and k¢ have been taken to be -v and v, respectively, and different values of Z have been
considered: 0.1 (fig. 33a), 1 (fig. 3.3b), 3 (fig. 3.3c) and 5 (fig. 3.3d). The exact differential scattering cross
sections have been obtained computing the phase shifts by numerical integration of the radial Schrédinger

equation through the velocity dependent Yukawa potential of eq. (2.48).
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2

do iAR
0 - l(l te )fﬁ(ki k) + flki kDL (3.56)
It is well known that
. 1 .
lim = =PPl+th5(x) , (357
+ X-1E& X
e—10

where PP denotes the Cauchy principal part; therefore, eq. (3.53) can be rewritten as

g(q) 2 8%
f' .._Ij PP 2571 - (3.58)

where
- (k - q). R -i(qg- kf) R
8@ = [a0 (3.59)

(a +1k, - ql)(a +1g - kfl)

€2 representing the solid angle defining the direction of g. When target valence electrons

having zero velocity in the laboratory system are considered k; = -v, thus the differential
scattering cross section of knock-on electrons emitted at 0° with respect to the beam axis being

that of eq. (3.56) with

, (3.60)

§@=4nq 3. .2, 29 . 343

1
2 choseJ‘dVJo[qR l-vz SinB] cos(¢ R v cos6)
o (d+qg +v) -4v q v

where 6 is the angle between R and v, and J; is the zero order Bessel function of the first
kind.

Figs. 3.4 and 3.5 exhibit plots of the differential scattering cross section (3.56) of
electrons being initially at rest in the laboratory frame to be emitted at 0° with respect to the
beam axis, as a function of 0, together with the simple differential scattering cross section of
eq. (3.40) which neglects multiple scattering effects. In fig. 3.4 the charge and internuclear
distance have been taken to be Z = 1and R = 2.2a.u., and different values of the velocity have
been considered; in fig. 3.5 the velocity has been taken to be v = 2.5a.u. and different values
of the charge Z and internuclear distance R have been considered.

Figs. 3.4 and 3.5 show that even when multiple scattering is neglected, the dependence

of the differential scattering cross section on the orientation of diclusters is important, as
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pointed out above. Indeed, when k; and k; are taken to be -v and v, respectively, eq. (3.40)

may be expressed as

0 2
(% =2[1+cos(2 vR cosﬁ)] Ifn(-v,v)l : (3.61)

thus the dependence of the yield of 0° knock-on electrons on the orientation of bombarding
diclusters presents oscillatios, which depend on the velocity and internuclear distance of the

projectiles.

— Multiple scottering: (3.56)
v=2,0a.u. —— Sinple scattering: (3.40) v=3.00.u.

(b)
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Fig. 3.4. Differential scattering cross sections deduced from eq. (3.40) (dashed curves) and eq. (3.56) (solid
curves), as a function of the orientation of bombarding diclusters moving with velocity v = 2.0a.u. (fig. 3.4a),
v = 3.0a.u. (fig. 3.4b), v = 4.0a.u. (fig. 3.4c) and v = 5.0a.u. (fig. 3.4d), when k;, kg, Z and R are taken to
be -v, v, 1 and 2.2a.u., respectively.
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—— Multiple scattening: {3.56)
Z=1 . R=2.20.u. ~— Sinple scattering: (3.40) Z=1. R=3.0a.u.
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Fig. 3.5. Differential scattering cross sections deduced from eq. (3.40) (dashed curves) and eq. (3.56) (solid
curves), as a function of the orientation of bombarding diclusters moving with velocity v = 2.5a.u., when k;
and keare taken to be -vand v, and different values of the charge and internuclear distance are considered: Z =
1, R = 2.2a.u.(fig. 3.5a), Z= 1, R = 3.0a.u. (fig. 3.5b), Z = 3.5, R = 2.2a.u. (fig. 3.5¢), Z =3.5, R = 3.0a.u.
(fig. 3.5d), Z=7,R =2.2a.u. (fig. 3.5¢) and Z =7, R = 3.0a.u. (fig. 3.50).
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Figs. 3.4 and 3.5 also show that as a result of including multiple scattering by means of
the first order multiple scattering amplitude /' of eq. (3.58) the electron yield decreases as 6
increases, in qualitative agreement with experiment, especially for high values of Z where

multiple scattering becomes more important.

Initial momentum distribution of target valence electrons

When bombarding diclusters penetrate condensed matter, the different contributions to
the emission yield coming from all allowed initial states must be taken into account. In
particular, if electrons emitted at 0° with respect to the beam axis in a velocity region of A; v<
k¢< A, v are considered, the only contributions to the emission yield come from initial target
electrons having in the laboratory system some momentum confined to the dashed region of
k-space represented in fig. 3.6, whenever v - kg < A;v and 4,v < v + kg, kg being the

Fermi momentum of the target

_©On/4'"?
PR

k (3.62)

and the quantities A; and A, representing positive constants.

3.6 irudia. Initial momentum distribution of target valence electrons having non-zero probability of being
emitted at 0° with respect to the beam axis in a velocity region of A, v < kfs Apv. Assuming that v - kg <

Alv Svand v hvS v+ kg, this distribution can be represented by the region of k-space delimited by the
Fermi sphere of radius kg and the spherical surfaces of radii A; vand A, v.
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The differential scattering cross section per target valence electron of knock-on electrons
emitted at 0° in a velocity region of A; v < k¢< A, v can be calculated just by integrating over all
allowed initial states and dividing by the valence electron density of the target. Choosing the
z-axis along the direction of -v, we find

k 1

max

k jdkk Fu Idcp IRk ,u, (p)l (3.63)

I'I'III'] ‘u

do _
dQ

4

where k, it and @ are polar coordinates of k;. In this expression we have

kmin =max (v - kF, /'l,l v) , (3.64)
kmax =min (v+ kF, ) V), (3.65)

k2+ V2- klz: -
‘umin_ 2k v ’ (3.66)

and f(k, i, @) is the scattering amplitude of electrons having initial momentum k;(k, i, @),

L.
. 2 7

f(k, ", ‘;0): {l +c-1kR[(l+,u)cos 9-4 1-4" cos @sin 9] }fo(k "y ‘;o) +f'(k o, g(J) .(.67)

where
2i6_

P, 0)= —2(2f+ DRy T (368)
and

Fitk (p)——[.[PP 8.1 ‘3’) dg +i7rg(ké#) . (3.69)

In these expressions the quantities d; are the phase shifts accounting for the interaction with a
single ion of the dicluster, which are computed solving numerically the radial Schrodinger

equation. We have also

1 2=z iR igR
8@ 1, 0=q" [av [ag (3.70)

él =(gqv-k)cos B+¢q(l- vz)”2 cos ¢' sin 8 , 3.71)
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£, =(ku+qv)cosf +[k A -uH" cos 9-q(1-H" cos rp'] sin 6, (3.72)

A=+ g+ kD - 2kq @+ + KD (v+B)+4K° " vB (3.73)

and

2,1/2

B=-pv+d- A0 -H"2 costp- ¢) . (3.74)

In particular, if we assume that all non-zero emission probabilities of target valence
electrons are equal to the emission probability of electrons having zero velocity in the

laboratory system, we find
2

4o _ 33vk|(1+e'2“”“"59)f°(v,1)+f(v,1) , (375)
dQ 4 rmky

where f9(v,1) and f'(v,1) are given by egs. (3.68) and (3.69), respectively, for k = v, = 1
and any value of ¢, and Vj, is, assuming that v- kg £ A;vand A,v < v + kg, the volume of
the dashed region of k-space represented in fig. 3.6, i.e.

2 2 2 ,2 2, 4,3 3 2 ,.4 ,4
Vk:xvl(kF-v)(12-11)+2v(/'|.2-ll)_v (2,2-11)] |

3.76
2 3 4 (10}

Yamazaki and coworkers28 have measured the yield of 0° knock-on electrons emitted
from thin carbon foils in the velocity region of 1.95v < k;<2.15v under bombardment of
4.5MeV dinitrogen molecular ions. Therefore, the velocity of bombarding diclusters is v =
2.5a.u., and the charge and internuclear distance of the pair of ions are Z =1 and R = 2a.u,,
respectively, before entering the target; however, as they penetrate the target, some of the
binding electrons are lost and the resulting fragment ions undergo a Coulomb explosion, so
that the effective charge and internuclear distance both change during the experiment and
depend on the velocity of diclusters and the thickness of the target.

When swift ions pass through matter their charge state is modified due to successive
electron capture and loss processes>1-33, thus becoming, in a short time, an equilibrium charge
state. Betz has proposed an empirical formula to give the mean equilibrium charge in the

formd1!

z=7, [1 -exp (- vz, )] : (3.77)
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where Z, is the bare ion charge and y= 2/3; hence, the mean charge of the ions constituting
4.5MeV dinitrogen projectiles can be assumed to be Z = 3.5.

For very thin targets (d < 100A) the internuclear distance of the bombarding dinitrogen
clusters can be assumed to be approximately equal to the interatomic distance of N, molecules;
however, for thicker targets it increases very rapidly. Therefore, we have considered in our
calculations different values of the internuclear distance of bombarding diclusters.

In fig 3.7 we plot, as a function of 6, the differential scattering cross section of target
valence electrons to be emitted at 0° in he velocity region of 1.95v < kr<2.15v calculated
from egs. (3.63) and (3.75) for v= 2.5a.u, Z = 3.5a.u. and two different values of the
internuclear distance R. Fig. 3.8 exhibits the experimental yield of 0° knock-on electrons
emitted from a 2p1g/cm? carbon foil (d =~ 100A) under 4.5MeV N; bombardment measured by
Yamazaki?8,

As a result of the contribution from all allowed initial states, the oscillations appearing in
the dependence of 0° knock-on electron emission on the orientation of projectiles get less
pronounced; this is due to the fact that the value of the angle 6 making the emission probability
maximum or minimum depends not only on the velocity and internuclear distance of the
projectile but also on the momentum of the initial target valence electron, thus becoming
different for the different contributions to the total yield. On the other hand, fig. 7 shows that
the integrated differential scattering cross section is a decreasing function of 6, which is a
consequence of multiple scattering effects, as also shown in figs. 3.4 and 3.5.

The experimental results qualitatively agree with the calculations shown in fig. 3.7: the
yield of knock-on electrons emitted in the forward direction has been found to be a decreasing
function of 6, and a small peak appears at 6 = 60°, in agreement with our theoretical
calculation obtained for R = 2.2a.u. ; notice that the position of this peak should appear at
larger values of @ as R increases, thus depending on the thickness of the target. Nevertheless,
the experimental results are not fitted quantitatively by our calculations, since the
experimentally observed enhancement of the yield produced by the longitudinally aligned
projectiles is not as large as the one predicted by our theoretical results; the discrepancy

between our theoretical results and the experimental curve may be a consequence of having
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included in our calculations only the first order multiple scattering for projectiles with high

effective charge.

R = 2.2q.u.

— Integrated: (3.63)
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Fig. 3.7. Differential scattering cross section of target valence electrons to be emitted at 0° in the velocity
region of of 1.95v < kfs 2.15v calculated from eqs. (3.63) and (3.75) for v = 2.5a.u, Z= 3.5a.u. and two
different values of the internuclear distance: R = 2.2a.u. (fig. 3.7a) and R = 3.0a.u. (fig. 3.7b). The electron

density parameter rg = 1.53a.u. of carbon has been considered.
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Fig. 3.8. The knock-on electron yield measured by Yamazaki2® at 0° in the velocity region of 1.95v < ke<
2.15v as a function of the orientation of 4.5MeV N; diclusters passing through a Zug/cm2 carbon foil.



115

3.4.Scattering of electrons by swift diclusters penetrating matter:

non-perturbative approach

With the aim of studying in detail the total contribution of multiple scattering and its
dependence on the orientation of the molecular axis of the projectiles, in this section we
combine scattering theory with methods developed in the theory of low energy electron
difraction (LEED).

If scattering were sufficiently weak for multiple scattering to be neglected, the incident
electronic wave on each ion would be a plane wave, which can be expanded about the jth ion

of the dicluster as shown in eq. (3.24). This equation may be rewritten as

oo ,in:!I
| .
O === D, DAY jikir-rDY, (5) (3.78)
where
0 ik‘..l} g%
A =¢ aniy (k/k). (3.79)

J
In these expressions k; is the momentum of the incident electron with respect to the projectile,
k represents the momentum modulus of the incident electron, which keeps constant as far as
scattering is elastic, and s; is given by eq. (3.25). Hence, out of the range of the potential
created by the moving ions the scattered wave functions would be given by eq. (3.35), i.e.
1 m=l i

?{i’(r):TZ} A 21O Y,,6) (3.80)

m
m=-1

where the quantities &, are the phase shifts displaying the influence of the interaction with each
ion; then the differential scattering cross section of target valence electrons upon interaction of
the bombarding diclusters would be given by eq. (3.40), R being the position vector of the
leading ion of the projectile with respect to the trailing ion.

When scattering is strong enough, the incident electronic wave on each ion cannot be
approximated by a plane wave, because of the contribution from the electronic flux scattered
by the other ion, as pointed out in the preceding section. The total incident electronic wave on

the jth ion can be written as34-56
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E Z Ay KT =T Y, (5) (3.81)

where Ay, ; is the total amplitude. Thus, out of the range of the potential the scattered wave

function can be found as

ORI D W
IO

m=-1

A
BOUir-r) Y, ,(5). (3.82)

Consequently, as the total incident wave on each ion is the superposition of the
unscattered wave and the scattered wave resulting from a multiple scattering process, one finds

for the total incident wave on the jth ion

m=1

z A n ST Y, (5)
=0

m=-1[

ik

o mzl 2i5,

-1 KU lr-r) Y, (kK Y, (s,) . (3.83)

where r; and ry, represent the position vectors of ions j and k, with j # k. Moreover, there are

convenient formulas to transfer spherical waves about the kth site to spherical waves about the

jth siteS7:
1 A
KOklr-r) Y, (s,)= z Gyt TR IP-THY, (8D (3.84)
I'm'
where
G (r-r)=Z4ni""""'(-1)”"“"";:‘”(k|r-r|)y () B("m" T-m') (3.85)
m tm T Pl Ty jk :
m
and
r.-r,
5., ==L : (3.86)
Jk dr.-r)
j k

B!(I'm", I'-m") represents the integral of the product of three spherical harmonics, i.e.

B'¢"m", I'-m') = I Y, (DY, (DY, .(2dQ2 . (387)

Therefore, substituting eq. (3.84) into expression (3.83) and comparing with eq. (3.81)

one finds
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0
Almj=Alm ,+ rZAl'm'k Xl'm',lm(rj -rk) ’ (388)
'm

J

where

2ig
£~ (3.89)

! " L1 l
o im0 = 2, € m, 1m) ik -1,
I'"m''

and

(-r'-i

cha'm", I m)=4 (1) L Ty, i) B (I"m", 1 -m). (3.90)

Thus the total wave amplitudes incident on each ion of the dicluster can be obtained in the

following way

.
o 0\ (1 -X(R
(A1-4,) =(A1 ’Az) ( X(-R) I =y . (3.91)
where Ay, A,, A‘; and A; are line matrices of dimension (I, + 1)2, and X(R) and X(-R) are

square matrices of dimension (I, + 1)2 X (I,ax + 1)%; [ ax 1S the maximum value of /

max max

considered in expansions (3.81) and (3.82).

For large r the scattered wave of eq. (3.82) can be written as

1 = eikr
ENCES e k) = (392)
where
. & =i 2i(5Jr i
€ -l -(+1
k=2 D A, =iy, @i, (3.93)
I=0m= 2

Ay, j being given by eq. (3.91). Consequently, the differential scattering cross section of

target valence electrons is found to be

&
do ik, R
'aﬁ = If](kj ’ kf) +e fz(kl » kf)l H (3°94)

where j = 1 represents the trailing ion, and j = 2 the leading ion.

The differential scattering cross section of electrons having zero velocity in the laboratory
frame to be emitted at 0° with respect to the beam axis calculated from eq. (3.94) is plotted in
fig. 3.9, as a function of orientation of the projectiles, for Z =1, v = 1.5a.u. and R = 2.2a.u.,

together with the simple differential scattering cross section of eq. (3.40) which neglects
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multiple scattering; in these calculations the phase shifts of the velocity dependent Yukawa
potential of eq. (3.48) have been computed numerically, and in the expansion of eq. (3.93) for

the scattering amplitude /., has been taken to be 7.

I T I ! ! T

——  Multiple scattering: (3.94)
—=  Simple scattering: (3.40)

ax10”"
]
1

2

DIFF. CROSS SECTION (cm )

2x10~"7

THETA

Fig. 3.9. Differential scattering cross section of electrons having zero velocity in the laboratory system to be
emitted at 0° with respect to the beam axis (k; = -wand kf= v ) calculated from eq. (3.94) (solid curve), versus
angle 6, for Z=1, v = 1.5a.u., R = 2.2a.u. and [, = 7. For comparison, the simple differential scattering

cross section of eq. (3.40) is also given (dashed curve).

The results presented in fig. 3.9 are consistent with the results obtained in the second
Born approximation outlined in the preceding section: in addition to the oscillations also
appearing when multiple scattering is neglected, as a result of multiple scattering effects the
intensity of scattered electrons is enhanced for the longitudinal orientation of the bombarding
diclusters. However, the results presented here are preliminary ones, since for the charges and
velocities of interest it is necessary to take greater values of the angular momentum in the
expansion (3.93), thus turning the numerical approach into a very long and tedious calculation;
on the other hand, the scattered wave function can be expressed as eq. (3.82) only for

positions out of the range of the potential, so that this approximation cannot be made unless
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. (3.95)
wP

where @, is the plasmon frequency of eq. (3.6).

Hence, this approximation may be a useful method of calculating the multiple scattering
for intermediate velocities (v < 2.5a.u.); in future work we shall investigate the nonlinearity
appearing for high values of Z, considering larger values of the angular momentum, and we
shall calculate the differential cross section integrated over all allowed initial states. For higher
values of the velocity, second or even third order perturbation theory may be applied.

Measurements of the knock-on electron yield emitted upon bombardment of swift
diclusters seem to be very sensitive to multiple scattering effects and to the mean charge state
of the bombarding ions, so that new experiments performed for different charges and
velocities would be very useful in order to investigate the applicability of linear theories and

capture and loss theories, and also to study the effect of electron density fluctuations.
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Appendix: Second order scattering amplitude for the potential
(3.48) of a point charge Z

Substituting the potential (3.48) into eq. (3.46), one finds eq. (3.50) with the second

Born scattering amplitude of electrons in the potential created by a single ion given by

27 2Z
ng= —+ — I (a0 k;, f,k), (A3.1)
A"+ o b4

where I, ; are Dalitz integrals>$.39 of the typc

"1 l(a & k kf,k) j (A3.2)

¢ -k -i0" (a +1q - kl)(a +lg- ka)

This expression can be rewritten as
1

I (@, k, k;b=x7 J—zdt—— : (A3.3)
‘ 0 y(a -21k 9
where
172
Y= [a +1(1-1) k- ka] (A3.4)

Thus changing the integration variable in the integral of eq. (A3.3) leads

J o + k% sin(0/2)
I (o, ok k3 p=n' I L (A3.5)
’ 9. 253 3 55 %
o J;! +k sin"(6R) -y ksin(62) (e -2ik )

where 0 is the angle between k; and k¢
Finally, doing the integral of eq. (A3.5)%0 leads to eq. (3.51), once the quantities Aand I
are defined by egs. (3.37) and (3.52), respectively.
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4. RADIATIVE ELECTRON CAPTURE BY CHANNELED
IONS IN SOLIDS
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4.1.Introduction

It is well known that when ions pass through matter their charge state is modified by the
exchange of electrons with the target!-2. Different mechanisms contribute significantly to the
electron capture of swift ions: mechanical electron capture processes (MEC)? and radiative
electron capture (REC)4. In the first mechanism bound electrons of the target are captured by
the moving ion, not radiating at all. In the REC process target valence electrons can also be
captured accompanied by the emission of a photon, thus allowing conservation of energy and
momentum.

Radiative capture occurs with relatively small probabilities, so that the importance of
radiative electron capture as a mechanism for charge transfer has been overlooked for years. In
1972 Schnopper et al® first measured the X-ray spectra produced by highly stripped sulphur,
chlorine and bromine ions in collisions with various targets; since then, this radiative electron
capture process has been the subject of much theoretical and experimental effort12, since it
can become a significant tool in the study of momentum distributions of target electrons.

On the other hand, the REC process contributes only in a very small way to the total
production of radiation when swift ions cross matter, so that interpretation of REC
experiments can be a difficult task. However, REC processes become more important and
amenable to interpretation when the bombarding ions are channeled through the solid, as
pointed out by Appleton et all0-12,

In 1963 Robinson and Oen!3, performing computer simulations of the penetration of ions
in solids, found that ions incident in a monocrystalline material with initial velocities lying
close to a principal axis direction are localized within a channel, in such a way that
close-encounter processes are sharply reduced and abnormally large penetration occurs; this
effect is called channelling!4. Hence, when the bombarding ions are channeled the yield of
characteristic X-rays is very much smaller than that observed when the beam is incident on the
crystal in a random direction, since in channelling conditions ions never approach closer that
0.1 or 0.2A to target atoms. Furthermore, it has been shown that channeled ions in thin foils

have frozen charge states, and although non-radiative electron capture is the dominant
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mechanism for charge transfer, the inhibition of close collisions makes the radiative process
relatively more important15-17,

The purpose of this chapter is to extend previous theoretical approaches®12 for the REC
process of channeled ions and to study the impact parameter dependence of the process as well
as the effect of capture from inner shells of the solid, including the effect of the ion ‘s wake and
using a statistical local density approach. An interpretation of recent experimental data which
suggest that REC photon energies may be less than those expected from simple considerations
of transitions from the valence band of the solid to hydrogenic states of the moving ion is also
presented!8.19,

In this chapter swift, stripped sulphur ions channeling through a silicon target are
considered, in order to make numerical comparisons of our calculated REC peak energy
positions, widths and cross sections of the emitted radiation with the experimental data of Vane

et all6,
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4.2. REC probabilities

Let us consider a solid through which a swift, stripped ion of charge Z; and velocity v
passes with impact parameter b (see fig. 4.1), and assume that it captures an electron

accompanied by the emission of a single photon.

Fig. 4.1. An ion 1 moving in a straight line is incident on an atom 2 in the target, with impact parameter b

(from ref. 4).

If the approximate initial and final wave functions describing the system are not
orthogonal, the cross section for the system to undergo any radiative transition is not Galilean
invariant in the nonrelativistic limit, and the correct result is only obtained in the frame where
the centre of mass of the system is at rest?0, Hence, treating the ion as infinitely massive and
proceeding nonrelativistically, we work in the projectile frame.

Treating the electromagnetic field as a small perturbation and using first-order
perturbation theory, the probability amplitude for the transition in which an electron is captured

together with the emission of a photon can be written as
l .
&= far<simise®, @.1)

where | i > and | f > represent the initial and final state of the system, respectively, and

1 2
= wBome 4.
0=E+E-E-5v , @.2)

E; and Ebeing the initial and final stationary state energies of the captured electron, referred to
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the target and to the ion, respectively, and E = ck the energy of the emitted photon; k is the
momentum of the emitted photon and c is the velocity of light. The Hamiltonian of the

interaction between the electron and the free radiation field is2!,

el
H=-4.V, (4.3)

where A is the vector potential of the electromagnetic field22

2 1 r
A(r, :)__2 ( ’”) M bb) 4.4)

and A, is the polarization vector of a photon with wave vector k and polarization index 4,

which in free space is perpendicular to the direction of propagation. V is the normalization
volume of the electromagnetic field, and b: 5 and by, » are the creation and anhilation operators,
respectively, of a photon with momentum k and polarization vector Ay -

Substituting the vector potential (4.4) into eq. (4.3), one finds for the matrix element of

the matter-radiation interaction
1/2

N X -ikr -iv.r
<f|Hl:>—(-E-‘7 <gof(r)lc A, . Vigr+b+vie >, (4.5)

with respect to the ion frame, where ¢,(r) and @(r) represent the initial and final stationary
wave functions of the captured electron, referred to the target and to the ion, respectively. After

a Fourier transformation of these wave functions to the momentum representation, one finds

ig.(b+vi)

12
. . 2 ¥ ~
<f|H‘I1>=1(ﬁ) qu/’lk.(q-v)(pf(q-v-k)tpi(q)c ,(4.6)

where
7 =0 n)‘sm‘l.drc'iq"qo'.’j(r). 4.7)

Thus substituting the matrix element (4.6) into eq. (4.1) leads

Ji. v n')

if E V)UZ

Consequently, the probability per unit energy and unit solid angle for capturing a target

jdqa(mq Wi .q-T T Pav-DE@. @8

electron from the initial state represented by ¢(r) into the final state represented by @«r) in a
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collision at impact parameter b with emission of a photon of propagation vector k and

polarization vector 4 is found to be

dEd.Q =--If| (4.9)

where

" figdwsg. M, @9 GG v-bo@. @10

In particular, when the initial stationary state is represented by plane or coulombic waves
of the continuum with momentum ¢, the probability per unit energy and unit solid angle for
capturing a target electron together with the emission of a photon of propagation vector k and

polarization vector A; can also be written in the following way

d3y)
dEAQ J 2 2,:

where T is the interaction time, @;'(r) is the initial stationary wave function of the captured

2
Ierf(r)e “T2 .V em| S . @4.11)

electron referred to the ion position, i.e. a wave function of momentum ¢ - v, and

a)‘=E+Ef-E; § (4.12)

E; being the initial stationary state energy of the captured electron referred to the ion position;
it is worth noting that the REC probability of eq. (4.11) is independent of the impact
parameter.

If we specialize to the situation in which the electron is captured to the lowest state, that

is, to a K-shell orbital of the bare ion, we have?3

12
pLr)= (a3 /x) &, (4.13)
where
1/2
a=(-2E)". (4.14)
It is of great interest here to notice that the enhancement of the mean electron density of

the polarized medium induces a potential at the site of the projectile given, in the linear

approximation by24.25
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it [(D(,)_Zl]_ RZ, 0, (4.15)
=== ‘

r—0 2v

where @(r) is the total wake potential of the projectile moving in the medium, and @; is the

plasmon frequency

o, = (3/r2)m , (4.16)

r, being the equivalent one-electron radius of the electron gas. Consequently, the energy

eigenvalue for the lowest state of the hydrogen-like moving stripped ion should be

nZ,
12, 70% (4.17)
1 2v

Ef='5
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4.2. Capture of an electron from a bound state in the solid

Electrons in the solid and near the centre of a channel can be represented, on very general

grounds, by the orbital

1/2
on=(F11) ¢*, (4.18)

where
ﬁ=(-2-‘5,-)”2 (4.19)

E; being the binding energy of the electron in the lattice, which may be taken to be of a few
electronvolts, and r being the distance from a lattice atom to the ion. This is a very schematic
form of the wave function in the solid that will be improved lare on.

The Fourier transforms of the wave functions (4.13) and (4.18) are

512
P@=@n 0 (420)
2 2
(+4)
and
52
s@=2n" BfE 4.21)

=
(ﬁ % qz)

Hence, introducing egs. (4.20) and (4.21) into eq. (4.10), and then substituting the amplitude
(4.10) into eq. (4.9) we find

2 E -(q-V)ciq'b
(dEd.Q) (“ﬂ) quﬁ(a}+q v) i . | e

(a2 + 4‘2)2 (132 + qz)

where
qg=q-v-k. (4.23)
Choosing the z-axis in the direction of v, taking ¢ = (@ , ¢,), and summing over
polarization index, we find the following expression for the probability per unit energy and
unit solid angle for capturing a bound electron in the solid to a K-shell orbital of the projectile

together with the emission of a photon of momentum k1%;
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3 6 5 ig.b

dy \ _2@pE 4 (0-v-@rhv)e

( )1,_ 43 2 .[dQ g 2 (2
la%(Q'-(m/ﬁ v) l [ﬁz-l-Q2+(02/v2]z

ncv A

where

0 =0 vk . 25)

Now integrating eq. (2.24) over all impact parameters and using26

2
2 Ilk (Q -v-(w/ Vz) v) =
A

2
kn(Q-v-(0/h v)l /K, (426)

we find

2
kA(Q-v-(a)lvz)v)l T2

[03 +(g-@1H v)zr[ﬁ2 +Q'+ 0’ "’2]4

d’y  2@p’ EJ‘dQ

Fao - 232 .(4.27)

Dipole approximation

If the dipole approximation is made, thus neglecting k in comparison with v, eq. (4.24)

can be rewritten, transferring to the laboratory frame, in the following way

2
" ig.b
( &’y 2 @B’ E de A .(@+Q)e T
dE dQ rev 2 2\ 2 a2y
2+ +0Y) (F+0'+0})
where
Qa=i2[—Ef+Ei-%v2-E(l-v cos Glc)]v (4.29)
v
and
QB=l2[-Ef+E‘.+%V2-E(1-V cos Glc)lv. (4.30)
v

In particular, for emission of a photon of wave vector k parallel with v we have
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2
&y N, . T@BE|f ¢’ 10b)
m)b“”-")“—zw Joo e

revo o (a2+Q2+Q2,1)2(ﬁ2+Q2+Q§)2

where @ is the angle between k and v, and J; is the zero order Bessel function of the first
kind?7. Instead, for emission of radiation at 8 >> 1 the main contribution to the integral of eq.

(4.24) comes from Q = 0, so that one may write

d3
oL ) (a2 1y .(4.32)

dEdAQ /s

2 (B Esin’6 ﬁ’i g 0J,(Qb)
7 0 (oz2 + Q2 + Qi)2 (52 + Q2 + QE)2

In fig. 4.2 we give the REC spectrum calculated from eq. (4.32) for 160MeV
bombarding bare sulphur ions, b= 1.5A and 6 = 46.5° as in the experiment of ref. 19. In this
calculation, the final stationary state energy has been corrected according to eq. (4.17) using
the equivalent one-electron radius of an electron gas of valence electron density equal to the

total electron density in the centre of the channel (b = 1.54), i.e. r, =~ 2.15a.u. (see fig. 4.5).

1079

REC PROBABILITY (a.u.)
5x10710

E (eV)

Fig. 4.2. REC probability per unit energy and unit solid angle calculated from eq. (4.32) for 160MeV
bombarding bare sulphur ions, as a function of photon energy, when capture is assumed to occur of electrons at
1.5A from the nearest atom in the solid (b = 1.5A); the vertical dotted line refers to the REC energy of eq.
(4.33). 8 and r have been taken to be 46.5° and 2.15a.u., respectively.
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If we neglect the difference between the vacuum energy and the actual energy of electrons
in the target, as well as the wake correction in the binding energy of an electron to the projectile

due to the polarization of the medium, the REC energy is given by

(4.33)

as shown in fig. 4.3. Fig. 4.2 shows that the peak energy closely approximates the REC
energy of eq. (4.33), though it is slightly smaller due to the wake correction in the centre of the
channel; on the other hand, non-zero REC probabilities are obtained for smaller and greater
energies than the peak energy, as a consequence of the momentum distribution of target

electrons.

[—0

ta

fof

%
E:
(4]
R~
I+
-~ N

REC

Fig. 4.3. Schematic representation of the radiative electron capture process viewed from the rest frame of the

projectile ion (from ref. 12),

The full widths at half maximum of the REC spectra calculated from eq. (4.32) are
plotted, as a function of impact parameter, in fig. 4.4, for the same conditions as in fig. 4.2
and several energies of the incident ions. This figure shows that the photon energy distribution
broadens as the impact parameter decreases; this is consistent with the use of a local density
approximation, whereby the initial momentum distribution of target electrons may be expected

to be wider as the impact parameter decreases.
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Fig. 4.4. Full widths at half maximum (FWHM) of the REC spectra calculated from eq. (4.32), as a function
of impact parameter, for incident ion energies from 120 to 180MeV. 68 has been taken to be 46.5°.
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4.3. Capture in the local density approximation

The electron structures of crystalline solids of interest in REC experiments are intricate
and tedious to calculate by numerical methods. Even if known, the representation of such
structures in terms of orbitals such as in the simple example displayed in the preceding section
would be difficult and time-consuming.

Here we simplify REC calculations considerably by using the local density
approximation; we assume that each volume element of the solid encountered by the ion in the
channelling trajectory constitutes an independent electron gas at the total local electron density

there, thus defining the local parameters r(r) and Eg(r) as

3 13
r(r= [ ] . (4.34)

4 7t n(r)
where n(r) is the total electron density at r, and

On/49?” 184

2

EF(r) = = &
2r(n) r.(r)

(4.35)

Then we average the local REC probability over all possible channelling trajectories of the ion.
In order to calculate the local REC probabilities in the local density approximation, first of
all we assume that electrons undergoing capture can be represented by plane waves, and then

we represent them by coulombic wave functions.

Plane waves

At asymptotically high incident energies it can be assumed in the local density
approximation that target electrons undergoing capture are initially free, thus representing them

by plane waves

¢>,-(r)=iei” ; (4.36)

v

where g represents the initial momentum of the target electron in the laboratory frame, with
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modulus
1/2
g= [2 E+Ep] 437)

E; being the energy of the electron referenced to the vacuum level if the work function of the
target is neglected (typical work functions are of a few electronvolts), and Er representing the
local Fermi energy of eq. (4.35).

The Fourier transform of the wave function (4.36) is

@n
WV

Now introducing (4.20) and (4.38) into (4.10), substituting the amplitude (4.10) into eq.

312
5(q'-q) . (4.38)

0(q) =

(4.9), and summing over polarization index and over initial states of target electrons, we find

Ed0 -3 SHo+g.v), (4.39)

3 5 5 242
dy 2 aETZ lkA(g-wI"/k
cV '

2
‘ [a +(q-v-k)2]
where T represents the interaction time, and the argument of the Dirac delta function

accounting for the conservation of energy is

1 2
w+q.v=E+Ef+EF-§-(q-v) 2 (4.40)

Eq. (4.39) can be obtained, also, substituting the plane wave of the target electron

referred to the moving ion

qO}(r)=Lei(""')" (4.41)

v

and the final wave function (4.13) into eq. (4.11), and then summing over polarization index
and over initial states of target electrons.

The local Fermi energy appearing in eq. (4.40) accounts for the fact that electrons at small
r tend to be bound in the solid more strongly than those electrons at larger values of r, thus the
corresponding local REC peak energies getting smaller as r decreses.

Dividing the probability per unit energy, unit solid angle and unit time for capturing a
target electron together with the emission of a photon of momentum k by the velocity of the
ion, one obtains the differential inverse mean free path (DIMFP) per unit energy and unit solid

angle
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du 2’ o: E kA (q- v)l /k

dEd‘Q cst i

8((0 +q.v). (4.42)
[a +(q-v-k) ]

Now transforming the sum over initial states of target electrons to an integral covering a Fermi
sphere, incorporating a factor of 2 for the possible spin states, and transforming to the
laboratory frame, we find, after some algebra, the following result for the DIMFP per unit

energy and unit solid angle for emission of a photon with energy E at 6 with respect to the

incident beam!®
du Y B [(q,u v)sin 8 - qvcosﬂcosgo] +V q sin’ 0}
dEd.Q=2332.[dq .[d‘p sl
s EA+E (l--—p+ co59+—)]
when
E -E-2 [EE; SE'<E -E+2 : (4.44)

and zero, otherwise. In these expressions,

1
E=5v, (4.45)
Goin =2 E+Eg+E) - [2E, (4.46)
G =min( 2E; . [2E+E.+E) + [2E)), (4.47)
111 2 )
H=— (E+E +E)+E (4.48)
qv 2
v=(1-p2"?, (4.49)
p = jLcos 8+ vsin OBcos @ (4.50)
and
=E(l-vcosB/c) . (4.51)
If the dipole approximation is made, thus neglecting k in comparison with g and v, one
obtains

2 3
dﬂ _ as E C1 (Emax i Emin) * C2 (Emax & Erznin) ¥ C3 (Emax _ E’?-nin) (4 52)
dE dQ 4’ & (EF+E|)4
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where
2
(E,L+E_+FE'-E))
N 1 < 24 2 v 2
= 2E1 (sin"@ - 2 cos 9)+4(Ef+ EF+E) sin"@ , (4.53)
E+E_+E+E
=L F 1 (sin’0- 2 cos® 4.54
C, I, (sin"@-2cos 0) , (4.54)
1 L 2
S “ 4,
C, 6F. (sin'@-2cos 6) , (4.55)
1 &
E ™% Yuio (4.56)
and
1 2
Emax = Eqmax (4.57)

Integrating eq. (4.43) over all directions of photon emission, one finds the DIMFP per unit

energy for emission of a photon with energy E as

)

4 5

dE 3422 Ep+E)

In particular, setting the Fermi energy equal to zero, thus the only contribution to the sum
in eq. (4.42) coming from g = 0, and integrating over all directions and energies of photon

emission, we find the well known total cross section for radiative recombination

, (4.59)

where V¢ and v represent the frequency of the captured electron and the emitted radiation,
respectively, 1/c2 is the classical electron radius, and 27/c is the Compton wave length of the

electron,

Coulombic waves

Now we assume in the local density approximation that each electron undergoing capture

from the solid experiences the full Coulomb field of the projectile, so that target electrons are in
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a continuum hydrogenic state of the bare bombarding ion. The wave function representing a

continuum hydrogenic state can be expanded in partial waves 28 (see Appendix) as

1 1% 1 is,
@.r) ——q—rZ'}(ZH ie "Ffg,r)P(cos6) , (4.60)

v

or, with respect to the moving ion,

B == 3 @I+ Di ¢ E(g'r) P (cos 67, “61)

JV IS
where the quantities &; are the Coulomb phase shifts, F; are the regular spherical Coulomb
functions, P, are the Legendre polynomials, 6 and 6 'represent the angles between ¢q and r and
¢' and r, respectively, and
¢=q-v. (4.62)

If the dipole approximation is made, we can make use of the fact that in this
approximation only those continuum eigenfunctions with / = 1 contribute, and then summing
over polarization index and over initial states of target electrons, we find the following result
for the probability per unit energy and unit solid angle of a target electron to be captured

together with the emission of a photon with momentum k (see Appendix)

2 N
3 6_ 6 kA(@-vI"f{ J-EJE+E_+E))/kK

dEdQ 3 3
b (q-V)3[a2+(q-v)2]

where @' is given by eq. (4.12), and
o dxtan Y
fx) = —— . (4.64)

-2mx

l1-e
Now transforming the sum over initial states to an integral covering a Fermi sphere of
target electrons, incorporating a factor of 2 for the possible spin states, and transforming to the
laboratory frame, one may write the DIMFP per unit energy and unit solid angle for emission
of a photon of energy E at 6 with respect to the beam direction as!®

6 2 2 3 3
o8 C €, -E )+C,E, -E.)+C,(E. -E.) _
quudQ“ 3 == ; 312 33 ——f J'E/(%*'EF’fE)) , (4.65)
e El(Ef+EF+E') (Ez+E")

where Cy, Cy, C5, E;, and E_,, are given by egs. (4.53), (4.54), (4.55), (4.56) and (4.57),
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respectively, and E'is the energy of the emitted radiation referred to the ion frame, which is
given by eq. (4.51).
Integrating eq. (4.65) over all directions of the emitted radiation, we find
au 2" E Comy -Emin)f(J-Ef/ E+E+E))

dE 3 12 3
E1 (Ef+ EF + E) (EF + E)

(4.66)

3¢

In particular, setting the Fermi energy equal to zero, thus the only contribution to the sum
in eq. (4.42) coming from ¢ = 0, and integrating over all directions and energies of the emitted

radiation yields the Bethe-Salpeter cross section for radiative recombination29-30

2 (¥
=T’rl23_’f 1)2 v/ (v+v)) (4.67)
¢ ¢ (v+ V) v

where Vyand v represent the frequency of the captured electron and the emitted radiation,

respectively.

Statistical model for REC from channeled ions

With the aim of interpreting the available experimental data, we are interested in the
dependence of REC probabilities on photon energy for a given direction of emission.
Therefore, we consider expressions (4.43), (4.52) or (4.65) to calculate the local DIMFP per
unit energy and unit solid angle for capturing an electron in a given part of the solid together
with the emission of radiation, and then we employ a statistical approximation.

Assuming that capture from an infinitesimal volume element of the solid can be calculated
by atributing the local Fermy energy of eq. (4.35) to electrons in that volume element and that
channeled ions sample on straight-line trajectories all portions of the Wigner-Seitz sphere
corresponding to impact parameters greater than a given b,;,, we compute the statistical

e ~_ 3 [ du
g5 Jore-tu gl Eo]. e

WS bmin
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where 7, is the Wigner-Seitz radius; the local DIMFP per unit energy and unit solid angle
appearing in this expression is given by egs. (4.43), (4.52) or (4.65), depending on weather
the dipole approximation is made and on weather plane waves or coulombic waves of target
electrons are used. The total density of electrons at r in the channel is computed from a
relativistic Hartree-Fock program using the Wigner-Seitz boundary condition3!, thus obtaining
the local parameters r(r) and Eg(r) from eqgs. (4.34) and (4.35), respectively. Fig. 4.5 shows
a plot against r of the local equivalent one-electron radius computed from this program for

silicon.

rg (a.u.)

r (B

Fig. 4.5. The equivalent one-electron radius r(r) plotted versus position in the Wigner-Seitz cell for silicon.

In the following sections 100-200MeV S16+ ions channeling through a silicon target are
considered, and REC spectra, peak energy positions, full widths at half maximum and
differential cross sections are calculated in this statistical model, when photons emitted at 46.5°
with respect to the beam direction are considered. Comparisons of our results with the

experimental data of Vane et all6 are also presented.
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REC peak energies: energy deficit

First of all we give in fig. 4.6 the local REC spectra calculated from eqgs. (4.43), (4.52)
and (4.65) for 160MeV bombarding bare sulphur ions, using the local electron density of fig.
4.5 corresponding to capture of electrons approximately in the middle of the channel (r =
1.5A). The solid and dotted curves have been obtained representing target electrons by plane
waves when the dipole approximation is made and when it is not made, respectively; notice
that making use of the dipole approximation leads esentially the same dependence of REC
probabilities on photon energy, although the result differs somewhat in magnitude. The dashed
curve has been obtained employing coulombic waves; assuming colulombic waves rather than
plane waves for the initial states gives somewhat relatively greater REC probabilities for small
photon energies, thus the peak energy being slightly smaller, and this effect happens to be

more important as capture occurs of electrons closer to the nucleus.

T
S e s G N G e s oo e et e m S
o

L —— Plane waves, dipole approx.
S Plane waves
L E—— Coulombic waves, dipole approx. J

DIMFP (a.u.)
5x107'°

E (keV)

Fig. 4.6. Local DIMFP per unit energy and unit solid angle calculated from eqs. (4.43) (dotted curve), (4.52)
(solid curve) and (4.65) (dashed curve), when capture occurs of electrons at 1.5A from the nearest atom in the
crystal; the parameter rg has been taken to be the local parameter at r = 1.5A, i.e. rg = 2.15a.u.. The vertical
dotted line refers to the REC energy of eq. (4.33)
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It has been found that when capture occurs from electrons closer to the nearest atom in
the crystal the DIMFP peak energy deviates sustantially from the REC energy of eq. (4.33);
this effect is illustrated in fig. 4.7, where the DIMFP peak energies calculated from eqgs.
(4.43), (4.52) and (4.65) are plotted against the r distance to the nearest atom, together with
the minimum and maximum allowed energies of emitted photons. This deviation is originated
in two different ways: on the one hand, the wake correction to the binding energy of the
captured electron gets more important as r decreases, and, on the other hand, inner shell
electrons are more strongly bound to the solid. These results are favourably related to the

experimentally observed REC deficit!®.
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Fig. 4.7. Peak energy positions of the local DIMFP per unit energy and unit solid angle calculated from egs.
(4.52) (solid curve) and (4.65) (dashed curve), as a function of the distance to the nearest atom in the crystal, rg
being the distance dependent local parameter of fig. 4.5. Also shown are the REC energy of eq. (4.33) (dotted
horizontal line), the experimental peak energy of ref. 16 (cross points) and the maximum and minimum allowed

energies of emitted radiation (dotted curves).

If the wake correction in the binding energy of the captured electron were negligible, the
energy distribution of the radiation emitted after capture of Fermi electrons would be centered,

neglecting work functions, at the REC energy of eq. (4.33); however, when capture of less
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energetic electrons occurs the corresponding energy distribution of the emitted radiation would
be no longer centered at the REC energy of eq. (4.33), thus contributing to a deficit of the
energy of the emitted radiation, especially at small distances from the nearest atom in the
crystal. This effect is slightly enhanced as a result of the fact that emission probabilities get
slightly greater as the energy decreases, especially when the initial Coulomb interaction
between bombarding ions and target electrons is taken into account.

In order to compare our theoretical results with experiment, we compute the statistical
average of the local DIMFP over all possible trajectories of the channeled ion by means of eq.
(4.68). Fig. 4.8 exhibits plots of the average DIMFP per unit energy and unit solid angle when
the minimum impact parameter is taken to be b, = 0.1A; the local DIMFPs have been
calculated from egs. (4.43), (4.52) and (4.65), with the distance dependent r, parameter of fig.

4.5.
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Fig. 4.8. Average DIMFP per unit energy and unit solid angle calculated from eq. (4.68) for by, ;, = 0.1A and
the distance dependent local DIMFP of egs. (4.43) (dotted curve), (4.52) (solid curve) and (4.65) (dashed curve).
The vertical dotted line refers to the REC energy of eq. (4.33), as in figs. 4.2 and 4.6.

Comparing figs. 4.6 and 4.8 one finds that the contribution from capture from inner

shells gives rise to a small shift in the peak energy comparable to the experimentally observed
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REC deficit. In order to illustrate this, the average DIMFP peak energies deduced from eq.
(4.68) are plotted in fig.4.9 versus the energy of the incident ion, together with the REC

energies of eq. (4.33) and the experimentally measured peak energies of ref. 16.

@ = I I I I
~~
l“'- —
3
g
S
0
I
L
z =
L
X
Q ol 0 et e Eq. (4.33)
—— Plene waves, dipole approx.
—— Coulombic waves, dipole approx.
*  Experiment
1 L 1 " 1 L 1 " 1

o .
100 120 140 160 180 200
ION ENERGY (MeV)

Fig. 4.9. Peak energy positions of the average DIMFP per unit energy and unit solid angle calculated from eq.
(4.68), as a function of the energy of bombarding ions, for b;, = 0.1A and the distance dependent local
DIMFP of egs. (4.52) (solid line) and (4.65) (dashed line). Also shown are the REC energies of eq. (4.33)
(dotted line) and the experimentally measured peak energies of ref. 16 (cross points).

It appears from fig. 4.9 that the calculated peak energies are systematically smaller than
the REC energies calculated from eq. (4.33) by about 80eV, in approximate agreement with
the experimental results. Representing target electrons by coulombic wave functions gives rise
to slightly smaller peak energies, as discussed above; this can be due to the fact that in this case
the increase in the emission probability as the energy decreases becomes more important. On
the other hand, it may be shown that making use of the dipole approximation does not affect
appreciably the DIMFP peak energy positions.

The origin of the REC deficit is two-fold, as discussed above. As the impact parameter
decreases, thus increasing the total electron density, the wake correction to the binding energy

of the captured electron is enhanced, on the one hand, and the target electron momentum
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distribution gets wider, on the other hand. These two contributions to the energy deficit are

shown, separately, in fig. 4.10, as a function of the energy of projectiles, for by, = 0. 1A.
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Fig. 4.10. Calculated REC energy deficit, as a function of energy of the bombarding ions (solid line). The
dashed curve represents the contribution to the energy deficit from the broadening of the initial momentum

distribution, and the dotted line represents the contribution from the wake corrections to the binding energy of

the captured electron.

The contribution to the energy deficit from the wake correction to the binding energy of
the captured electron gets less important as the velocity of the ion increases, which is obvious
from eq. (4.17). The contribution due to the broadening of the mometum distribution does not
depend appreciably on the velocity of the ion; however, as a result of Doppler shift corrections

REC deficits are slightly enhanced as the ion’s velocity increases.

Full widths at half maximum and differential cross sections

Widths of the average REC distributions described by eq. (4.68) have been found to be

larger as the minimum impact parameter decreases, as one might expect. We have calculated,
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also, widths of these REC distributions as a function of the incident ion energy and plotted
them in fig. 4.11 for different minimum impact parameters, together with the experimental
results of ref. 16. The theoretical values are somewhat larger than the experimental ones, but
the energy dependences are nearly the same. It is worth mentioning that representing target
electrons by coulombic waves rather than plane waves does not affect appreciably tthe results

obtained here.
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Fig. 4.11. Full widths at half maximum (FWHM) calculated from eq. (4.68), as a function of the incident ion
energy, for minimum impact parameters from 0.1 to 0.7A. The distance dependent local DIMFP has been
calculated, as in fig. 4.9, from eqs. (4.52) (solid lines) and (4.65) (dashed lines). Also shown are the
experimentally measured FWHM of ref. 16 (cross points).

Finally, we have calculated the REC differential cross sections per unit solid angle and
target atom by integrating numerically the average DIMFP of eq. (4.68) over photon energy
and dividing by the atomic density of the solid. Fig. 4.12 shows results from Vane et al’s
measurements!6 of K-REC yield from bare sulphur ions channeled in silicon, together with
our calculated differential cross sections per unit solid angle and target atom. It is obvious from
this figure that emission probabilities are enhanced as the energy decreases, as pointed out

above; hence, REC spectra are not completely symmetric and the REC peak energies gets
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slightly smaller than the REC of eq. (4.33), even when contributions from wake corrections
and from capture from inner shells are neglected; however, this effect happens to be almost
negligible, though in the range of energies of interest in REC experiments it gets slightly more

important when initial coulombic waves are employed.

L g —— Plane waves, dipole approx.
\t:mm=0.l —— Coulombic waves, dipole approx.
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Fig. 4.12. REC differential cross sections per unit solid angle an unit target atom, as a function of incident
ion energy, calculated by dividing eq. (4.68) by the atomic density of the target and integrating over photon
energy. The distance dependent local DIMFP has been calculated from egs. (4.52) (solid curves) and (4.65)
(dashed curves), as in figs. (4.9) and (4.11). These results are compared with the experimental data of ref. 16
(cross points) normalized at 140MeV.

These differences between differential cross sections found when plane waves and when
coulombic waves are used to represent target electrons also exist in the well known total cross
sections for recombination given by egs. (4.59) and (4.67), which are exhibited in fig. 4.13.
Although at high energies the cross section can be determined approximately using the Born
approximation, that is, assuming that target electrons are initially free, for energies of interest
here introduction of the bare Coulomb potential gives rise to a faster decrease of the cross
section as the photon energy is increased; this effect is more important for high values of the

charge of the ions, but it is not appreciable for high velocities and small charges, as one might
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Fig. 4.13. Recombination cross sections calculated from egs. (4.59) (solid curves) and (4.67) (dashed curves),
as a function of emitted photon energy, for Z; = 8 (fig. 4.13a) and Z; = 16 (fig. 4.13b)
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Appendix: Derivation of eqs. (4.60) and (4.63)

The wave function representing a continuum hydrogenic state of momentum ¢, solution
of the time-independent Schrodinger equation through the bare Coulomb potential, may be

expanded in partial waves as
1 o0
o=~ IZ:,} C(@)F(q,r) Pfcos 0) , (A4.1)

where the quantities P, are the Legendre polynomials, 6 being the angle between vectors ¢ and

r, and the quantities F; are the regular spherical Coulomb functions, which satisfy the

Schrédinger radial equation:
I -myl2 .
_28 |r(£+1+l’}’)|niqr I+1 sz Y
Ff(q,r)= AEN e’ (qn) F(+1+i7;21+2;-2iqr).(A42)
with
y=-a/q . (A4.3)

In these expressions « is given by eq. (4.14) and (F, is the confluent hypergeometric
function, which is solution, regular at the origin, of the Kummer-Laplace differential equation.

Normalizing one finds8

1 -1 Qi 61
C=—=4q Ql+Die °, (Ad.4)
JV

where the quantities 6; are the Coulomb phase shifts
§=argIU+1+iyp) , (A4.5)
and introducing eq. (A4.4) into eq. (A4.1) one obtains eq. (4.60). _
Now choosing the z-axis along the direction of ¢ and assuming that the initial and final
stationary electronic wave functions are independent of the azimuthal angle, the integral in the

right hand of eq. (4.11) can be expressed, in the dipole approximation, as

n

_[dr 0Ok .V on=21E-E)4. D) Idr Jde 7 sin 6 cos 8 () 9,(r) , (A4.6)
0 0

since one may write32
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<flpli>=i(Ef-E£)<flrI£>. (A4.7)

As the final wave function (4.13) is spherically symetric, only those partial waves of eq.
(4.60) which have an angular dependence of the form cos@ contribute to the integral of eq.
(A4.6). Accordingly, only the part of the initial wave function (4.60) of the target electron

which corresponds to / = 1 makes a contribution. Thus one finds

8
1 2ie

T

Now one may use the following property of gamma functions33

I
MU+1+ipl= -nye’”’”,/z/(l-e””) H,/s2+y2 . (A4.9)

s=1

_[dr 00k, Vo =21E-E). ) _[dn:‘ 0,(NF,(q,7) .(A43)
0

and the following integral representation of the confluent hypergeometric function34

(b-1)! -a b
Fasbin=E) !dé(l-z/&) &g (A4.10)

where C is a closed path encircling the origin and the point & = z. After substituting =21iq r

(t+1/2), one finds

QI+ -21-1 -iqr

1F1(3+1+1y;2l+2;-21qr)= 57 (-2iqr)

xjd: -1/ v 1727 e P Ak

(o)

Thus introducing expressions (A4.9) and (A4.11) into eq. (A4.2) leads

2 - . -
Fg,n=—Y2ZY ¥1*7 Idr(:+ 172172 -1/2)7 22 (A4.12)
2ny 87mqr
1-e C
Finally, introducing eq. (A4.12) into eq. (4.60), then egs. (4.13) and (4.60) into (A4.6),

and applying Cauchy’s theorem, we find

! - i A =2 24 1 2.- 52
Jldr‘pf(r) '1'}’: .V QJ‘.(J‘)=_:].(E‘._E]) (lk q) (a3 J'[)LQ ny y( + y)

J— ]_-321”, ‘?4

Siy-1Y) e,
x(-iy+l) e . (A4.13)
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Noticing also that

‘1]’

-1 . -1
( L 1) =l (A4.14)
-iy+1

introducing eq. (A4.13) into (4.11), and substituting ¢ by g' as defined in eq. (4.62), one

finds eq. (4.63).
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5. SUMMARY AND CONCLUSIONS
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In this thesis some aspects of the interaction of charged particles with electrons in solids

have been investigated.

1. In chapter 2, first of all the constant current mode distance-voltage, s—V,, and
conductance-voltage, dI/dV,-V,, tunneling characteristics experimentally measured by other
workers with the Scanning Tunneling Microscope (STM) have been calculated theoretically,
and an interpretation of the experimental results has been provided. A new one-dimensional
model potential barrier which takes into account both local and non-local exchange and
correlation effects and dynamic effects has been presented and studied in detail, and it has been
shown that a reasonable fit to the interface potential can be made using this parametrized model
potential, by a trial and error process to reproduce the experimentally determined tunneling
characteristics, as a result of the resonance phenomena appearing in the field emission regime.
Then a three-dimensional model has been presented, assuming a spherical tip and planar
sample; the importance of taking into account the 3D tip-sample geometry, especially at high
applied voltage (V, > 10V), has been demonstrated, and it has been found that reproducing the

experimentally measured tunneling characteristics allows the tip radius to be determined.

2. Also in chapter 2, an analysis of the apparent barrier height in STM, defined in terms of
the rate of change of the logarithm of current or bias voltage with tip-sample separation, has
been made. With this purpose, first of all the mean barrier approximation in calculating the
tunneling current density, which is valid for large interelectrode separations (s > 10A), has
been considered and analytical expressions for the apparent barrier height have been derived
for different model potentials. The existent controversy on the contribution of the image
potential to measurements of the apparent barrier height has been clarified, and it has been
demonstrated that the role that the image potential plays in lowering the apparent barrier height
is important, even though it is over a long range of tip-sample separations approximately equal
to the average work function. In order to illustrate the discussion made for large separations
and extend it to smaller separations, exact calculations of the apparent barrier height have been

made solving the Schrodinger equation for different model potentials and integrating over all
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allowed energies; it has been found that the apparent barrier height calculated with the
parametrized potential model proposed in the preceding sections is for short tip-sample
separations in good agreement with previous calculations made by Lang not including
non-local image effects, and it has been found, also, that at larger separations our potential

yields the appropriate apparent barrier height associated with image effects.

3. Inchapter 3, a theoretical analysis of the dependence of the yield of knock-on electrons
emitted under bombardment of diatomic molecular ions on the orientation of bombarding
diclusters has been presented, together with linear-response theory calculations of the electron
density fluctuations induced at the position of the trailing ion by the leading ion of the
bombarding dicluster. Differential scattering cross sections of knock-on electrons emitted at 0°
with respect to the beam direction have been calculated, and it has been found that the
dependence of electron emission on the orientation of the diclusters presents oscillations
depending on the velocity and interatomic distance of the projectiles, and that the electron yield
decreases as the bombarding diclusters get longitudinally aligned with respect to the beam
direction, as a consequence of multiple scattering effects. First of all multiple scattering effects
have been approximated within the second Born approximation, and it has been found that the
exact scattering amplitude of electrons in the potential of a single ion must be considered for
the charges and velocities of interest here; secondly, scattering theory has been combined with
methods developed in the theory of low energy electron difraction (LEED), and it has been
shown that this may become a useful method for low velocities of the projectiles(v <
2.5a.u.). The available experimental data have been obtained for rather large effective charges
and intermediate velocities (v = 2.5a.u.); it has been shown that new experiments performed
for different charges and velocities would be very useful in order to investigate the applicability
of linear theories and capture and loss theories, and also to detect the effect of electron density

fluctuations.

4. In chapter 4, the impact parameter dependence of radiative electron capture (REC) by

channeled ions in solids has been investigated, including the effect of the ions wake and






