1
Peculiarities of the Metallic Surface

1.1
Surface Energy and Surface Stress

The first law of thermodynamics states that
dQ = dUu +dw (1.1)

where dQ is the increment in the heat energy of the system, dU is the incre-
ment in the internal energy and dW is a work that the system has performed.
Only dU is the total differential and it is independent of the method of sys-
tem transition from one state to another.” dQ and dW are simply infinitesimal
quantities. In fact, (1.1) is the law of the energy conservation for an isolated
system.

Substituting dQ = T dS and AW = pdV in (1.1) one arrives at

dU =TdS — pdV (1.2)

where S is the entropy, T is the temperature, p is the pressure, V is volume of
the system.

The internal energy of the system depends also on the number N of par-
ticles, that is, atoms or molecules. Thus, one should add the corresponding
term:

dU = TdS — pdV + udN (1.3)

where yu is the chemical potential. The chemical potential is defined as a
change in the internal energy when the number of particles varies at constant
entropy and volume:

ou
- ().

1) If the internal energy is a function of the pressure and the tempera-
ture, U = U(p, T), then the infinitesimal increment in the internal

energy is given by dU = (%—%)po-i- (?#)pdT'
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The internal energy U increases (or, on the contrary, decreases) if
¢ the system receives (returns) the heat or
¢ mechanical work is done under the system (the system does mechanical
work) or
e the number of particles in the system increases (decreases).
Turning to the free energy. The Helmholtz free energy F is known to be
equal to

F=U-TS (1.5)
Differentiating (1.5) and combining with (1.3) we obtain
dF = =SdT — pdV + udN (1.6)

At constant temperature and volume the increment in the free energy varies
linearly with increase in the particle number,

dF = udN 1.7)

with the proportionality factor y = (T, V).
The Gibbs thermodynamic potential G = F 4 pV is expressed as

dG = —SdT + Vdp + udN (1.8)

The difference between the Helmholtz free energy and the Gibbs thermody-
namic potential is insignificant under atmospheric pressure for a bulk solid.

Molecules of the surface layer in a homogeneous liquid are known to be
attracted by other molecules within the liquid. Unlike in the body of the liquid
the attraction of surface molecules is not compensated. Liquids turn out to be
covered by an elastic stretched film and so the concept of surface tension is
used for them.

The thermodynamic approach can also be applied to the surface of solids.
J. W. Gibbs was the first to note that the surface contributes to the free energy.
He also considered the cleavage process of a bulk body.

In order to create a free surface one must break the bonds between neigh-
boring atoms. This implies that the creation of an additional piece of surface
costs the system extra energy. The surface energy is equal to the work neces-
sary in order to form the unit area of surface by a process of division of the
solid into parts. This process is assumed to be thermodynamically reversible.

The reversible work dW required for an external force to create an infinites-
imal area d A of the surface is directly proportional to this area

—dW = ydA (1.9)

where 7 is a proportionality factor. It is dependent on temperature, volume,
and the particle number.
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The minus in (1.9) implies that the work performed by an external force
is expended for increase in the Helmholtz free energy of dF. Since, for a re-
versible and equilibrium process, dF = —dW, the surface contribution to the
free energy must be proportional to the increment in the surface area,

dF = v dA (1.10)

The factor of proportionality 7 can be identified as the excess of the free
energy per unit area. Thus, the surface energy + is also defined as

dr
y = <) (1.11)
dA T,V,N

The temperature, the volume of crystal and the number of atoms are as-
sumed to be constant. The reversibility requirement in the definition of v
implies that the composition in the surface region is also in thermodynamic
equilibrium. Recall also that distances between atoms remain unchanged.

The unit of surface energy is Jm 2 or Nm 1.

A variation in the free energy of a solid through the equilibrium cleaving
process, in a general case, is given by

dF = —SdT — pdV + udN + vy dA (1.12)

Gibbs pointed out that, for solids, there is another important quantity to
be considered. It is the work per unit area needed to elastically stretch (or
compress) a pre-existing surface. Solid surfaces exhibit a surface stress which
is similar to surface tension in a liquid.

As long ago as 1950 Shuttleworth [9] emphasized the distinction between
the surface Helmholtz free energy, and the surface stress. The surface energy
is the work necessary to form unit area of a surface by a process of splitting up,
the cleavage. The surface stress is the tangential stress (force per unit length)
in the surface layer; this stress must be balanced either by external forces or
by volume stresses in the body. For crystals, the surface stress is not equal to
the surface energy. Both quantities have the same units, but the surface stress
is a second-rank tensor, whereas the surface energy is a scalar quantity.

The broken interatomic bonds cause the surface stress. The atomic configu-
ration at the surface is dissimilar to that within the body. Surface atoms there-
fore have a different arrangement than if they were constrained to remain in
the interior of the solid. Therefore, the interior atoms are viewed as exerting a
stress on the surface (moving them out of the positions they would otherwise
occupy).

The cleavage of a body creates new surfaces. The excess in the surface free
energy dF; consists of two parts,

dF, = dF, + dF., (1.13)

9
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or
dF, = d(vA) = ydA + Ady. (1.14)

The first term dF;; = v dA describes the work needed to break down inter-
atomic bonds and to create the surface area dA. The average area per atom is
unchanged, but the number of atoms on the surface increases.

The second term dF;; = Ady contributes the free energy due to changes
in the interatomic distances on new surfaces. These changes are balanced in
the macroscopic and microscopic areas. The number of atoms on the surfaces
remain unchanged. The stressed surface contributes a surface energy with an
increment d-y.

A change in the surface area may be considered in a macroscopic sense as
the consequence of stresses acting on surface atoms [6]. A tensor with com-
ponents 0;; (where i, j = 1,2) defines the stresses on the surface in an approxi-
mation of elasticity theory. The strain tensor has components ¢;;. It is used to
express the elastic deformation of the solid surface.

Consider a plane normal to the surface and label the normal to the plane as
the direction j. 0j; is the force per unit length which atoms exert across the line
of intersection of the plane with the surface in the i — th direction. The strain
tensor ¢;; is defined in a similar way.

The work done in the surface can be expressed as the change in the elastic
energy

2
dFs = A Z Ui]-dsl-j (1.15)
ij=1
The increment in the surface is given by
2 2
dA = A Zdeii =A Z (51-]-5181-]- (1.16)
i=1 ij=1

The total differential of the surface stress vy is written as

2
9y
=
Combining (1.14)~(1.17) and making the coefficients at de;; equal one ob-
tains
d
0 = Y05+ = (1.18)

¢ ij
The surface stress 0;; and the stress-induced elastic strain are tensors related
to each other by (1.18).
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For most surfaces, the off-diagonal components are equal to zero in appro-
priate coordinates, that is, the surface stress is isotropic. In this case, the sur-
face stress can be viewed as a scaler quantity

dy

c=rt (1.19)

This indicates that the difference between the surface free energy and the
surface stress is the change in the free energy per unit change in the elastic
strain of the surface. A better way is to consider ¢ as the force per unit length
(or work per unit area) exerted on a surface during elastic deformation; and
to consider v as the force per unit length (or work per unit area) exerted on a
surface during plastic deformation [6].

The surface energy depends on the crystal plane orientation. The value
is a function of 7, v = f(ii), where i is perpendicular to a plane (hkl) in the
crystal lattice.

The experimental measurement of the surface energy for solids is extremely
difficult. There are few data about values of 7 in the literature. However,
several efforts to calculate the surface energy have been made.

The authors of [11] used the density functional theory to establish a data-
base of surface energies for low index surfaces of 60 metals from the periodic
table. The absolute values are of the order of several Jm 2. The values vary
when the surface orientation changes.

Some data are presented in Table 1.1.

Table 1.1 Surface energies for different crystal planes in some metals, Jm~—2.

Metal (100) (110) (111) Ref.
Al 1.35 1.27 1.20 11
Au 1.63 1.70 1.28 11
Mo 3.34 2.92 3.24 10
w 4.64 4.01 4.45 11

1.2
Crystal Structure of a Surface

A scheme of some characteristic rearrangements of surface atoms for the cubic
crystal lattice is presented in Figure 1.1. A compression or an extension of the
topmost layer leads to change in interatomic spacing. The bulk spacing cy,x
decreases to values ¢; and ¢;. This variation is normal to the surface and is
called the relaxation (Figure 1.1a).
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Fig. 1.1 Schematic view of characteristic rearrangements of sur-
face atoms in a cubic crystal lattice. a is the crystal lattice constant.
Reprinted from [4] with permission from Springer.

The atomic configuration shown in Figure 1.1b is related to a shift in the
atoms parallel to the surface. This type of atomic rearrangement is called re-
construction. Missing row reconstruction is also possible (Figure 1.1c).

In Figure 1.1 only idealized models of atom distributions are shown. In re-
ality, the atomic rearrangements are more complex. The atom structure of the
surface is dependent on the bond type. It is different in semiconductors with
their directed covalent bonds and in metals, which have delocalized electronic
bonds. In many semiconductors, which are tetrahedrally bonded, such as sil-
icon, germanium, GaAs, and InP, the directedness of bonds in the bulk has a
dramatic effect and may result in directed bonds at the surface.

There are no convincing experimental data on surface relaxation [1]. Cal-
culations on the relaxation of the surface layer for metallic crystals have been
made using models in which the bonds between pairs of atoms were consid-
ered.

The results for copper obtained using a Morse interaction potential are
shown in Figure 1.2. It is found that the surface layer is displaced by 5-20%.
The displacement of atoms from equilibrium positions decreases exponen-
tially with the layer number. The greater the atom density in the crystal plane
the less atomic displacements there will be in the surface layers.
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Fig. 1.2 Displacements of atom layers near the surface of copper.

B, crystal plane (110), the atom density equals 10.86 at. nm~2;

C, plane (100), 15.36 at. nm~2; D, plane (111), 17.74 at. nm 2. The
calculated data from [12] are plotted in the graph.

The structure of the first crystal plane differs from that of the underlying
planes even in an ideal clean surface. Such a structure is in fact a superstruc-
ture (the overlayer structure). One uses a special notation in order to designate
the dimensions, nature and orientations of the unit cell of the first plane rela-
tive to the underlying ones. These notations are useful also when an ordered
adsorbed layer is present at the surface.

The position of an atom at the surface is given by the vector 7

7 = mi + nb (1.20)

where @ and b are the translation vectors of the solid and m and 1 are in-
tegers. Then the superstructure can be labeled by E {hkl}p(m x n) or E
{hkl}c(m x n). E is a chemical element, p represents a primitive cell, ¢ de-
notes a centered one. The surface unit cell can be rotated with respect to the
substrate unit cell. The ratio of the dimensions of these cells cannot be an inte-
ger. The notation E{hkl}c(m x n) RO means a surface structure that is obtained
from the surface plane unit cell by a rotation trough an angle 0, the length of
the basis vectors being multiplied by m and n, respectively.

For instance, a clean surface {100} for nickel is denoted by Ni{100}c(1 x 1).
The superstructure formed by the absorbtion of oxygen atoms on this surface
is the O{100}¢(2 x 2) structure.

Matrix notation is also used for the occurring superstructure.
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The relationship between the vectors of an overlayer structure @,b} and
basis vectors a7, by that correspond bulk layers is given by

@ = Gnd + Giaby; (1.21)
by = Gyidi + Gaoby. (1.22)

Thus, vectors a3, b, of an overlayer structure can be obtained from basis
vectors a7, by by the conversion

Gn Gn >
1.23
< Gy G (1.23)

Figure 1.3 presents an example of the notations.

by

Fig. 1.3 Vectors 45 and 172 define the superlattice, vectors a7 and l;l
are the vectors of the plane inside the bulk. The surface superstructure
has a possible notation E {100}¢(v/2 x v/2) R45° or (11).

In such a case

—

N
Il
N1
|
S
S
S

by = a; + by.

Consequently, the corresponding matrix is
11
1.24
(i 1) 1.24)

1.3
Surface Defects

Defects always exist on real surfaces. Figure 1.4 shows, schematically, defects
of different dimensionality. Defects of zero dimension are vacancies, adatoms,
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ledge adatoms, and kinks. Their sizes in three dimensions are of the order
of the interatomic distance. On the surface of a compound crystal one can
distinguish between adatoms of the same kind or foreign adatoms. The step
is a one-dimensional defect, in which the ledge separates two terraces from
each other. In many cases steps of the single atomic height prevail over steps
of several atomic heights. There are also groups of defects such as divacancies,
and steps of some interatomic distances in height.

Fig. 1.4 Various defects that may occur on of the same kind as the bulk atoms situated
a solid surface: 1, a terrace, i.e. the perfect upon the ledge; 9, a vacancy in the terrace;
flat face itself; 2, an emerging screw disloca- 10, an adatom on the terrace; 11, a vacancy
tion; 3, the intersection of an edge dislocation  in the terrace where an electron is trapped.
with the terrace; 4, an impurity adatom; 5, a Reprinted from [2] with permission from Ox-
monoatomic step; 6, a vacancy in the ledge; ford University Press.

7, a step in the ledge—a kink; 8, an adatom

Different positions of atoms have various numbers of neighboring atoms.
For example, an atom on a terrace has the largest number of neighbors. Atoms
on steps and adatoms have the least number of neighbors.

Other important defects are dislocations which can be generated by the
strained surface. (Figure 1.5). An edge dislocation penetrating into a surface
with the Burgers vector oriented parallel to the surface, creates a point defect.
In a typical well-annealed single crystal the density of dislocation-surface in-
teractions is of the order of 108 — 10! m~2,

Formation of steps at the surface is shown schematically in Figure 1.6. The
sources of the dislocations are situated along slip lines. Dislocations emitted
by sources move along the slip planes and appear on the surface.

15
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Fig. 1.5 Generation of dislocations at a surface. The surface rough-

ness on a plane (hkl) is shown. During deformation the surface acts
as a dislocation source. A’ and B’ are slip planes, A and B are steps
that have opposite signs, I and II are shifted parts of the crystal.

4 3 2 1

Fig. 1.6 Formation of steps at the metallic surface. ab is a slip band,
1 - 4 are slip lines, s are dislocation sources, & is the mean distance
between slp lines, H is the mean hight of steps.

The surface is known to attract a dislocation with the force F = —be /4rl,
where 1 is the shear modulus, b is the Burgers vector and [ is the distance from
the free surface. A step is formed at the surface. Many dislocations take partin
the formation of a step. However, polyatomic steps are unstable energetically
and transform to monatomic steps.

The microscopic structure of the surface is changed as a result of deforma-
tion. The technique of tunnel microscopy enables one to reveal the formation
and change in the nanometric defects on the surface of thin polished films of
copper [13].

The applied stress leads to the generation of four ensembles of surface nano-
metric defects. These ensembles differ from one another in dimension and
energy of formation. They have the shape of a prism. One of the walls is per-
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pendicular to the surface, another one is inclined at 30°. Figure 1.7 shows an
example of a nanometric surface defect. Walls of nanodefects consist of steps
with a width of from 5 to 50 nm. Their walls are formed as a consequence of
the output of dislocations along planes of the light slip. Sources of dislocations
belong also to a set of four ensembles. The authors [13] believe that when the
concentration of nanodefects amounts to ~ 5% part of them resolves. Another
part enlarges into defects of the next ensemble.

Fig. 1.7 The nanometric defect on the surface of strained copper (af-
ter [13]).

Steps are important in the formation of vicinal surfaces, that is, high-index
surfaces. Such vicinal surfaces are formed by small low-index terraces and a
high density of regular steps. The steps in a simple cubic structure are shown
in Figure 1.8. The normal to the surface is slightly inclined to the [001] direc-
tion. The inclination angle & to the [001] axes is given by tan ¢ = 1/4.

Fig. 1.8 Terraces, ledge atoms and steps in a simple cubic crystal.
Terraces are located along (001) plane, steps are parallel to (010).
The surface plane is (014). Reprinted from [6] with permission from
Springer Science.

A convenient notation was proposed [14] for the geometrical structure of
steps. A stepped surface is denoted by
p(hkl) x (W'K'T"),

where hkl are the Miller indices of the terraces, (h'k'l") are the indices of the
ledges, and p gives the number of atomic rows in the terrace parallel to the
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edge. In Figure 1.9a 6(111) x (001) stepped surface is presented. A series
of six-atom terraces are separated by (100) x (111) steps in the face-centered
cubic crystal lattice.

Fig. 1.9 Steps on the (557) surface of a face-centered cubic crystal.
(a) Positions of the lattice points in a 6(111) x (011) stepped surface.
(b) The characteristic length and heights are shown. Reprinted from [6]
with permission from Springer Science.

This type of stepped surface is obtained by cutting the crystal along a plane
making a small angle (< 10°) with a low-index plane. Such surfaces show a
periodic succession of steps of monoatomic height and flat terraces.

On metal surfaces the step tends to be smoothed out by the gas of free elec-
trons, which forms dipole moments due to the spatially fixed positive ion
cores.

In semiconductors the different dangling (free) bonds might modify the
electronic energy levels near the steps.

Surface defects are centers of chemical activity. The degree of adsorption
increases exponentially with an increase in the defect density.

The resistance of the material to deformation is strongly affected by films
on the surface. The scheme in Figure 1.10 is an illustration of the decrease in
strength of a crystal with an active liquid on the surface (the Rebinder effect).
Other surface films can increase the strength.

1.4
Distribution of Electrons near the Surface

Many microscopic phenomena on the surface result from special features of
the electron subsystem. Properties of the electronic structure near the surface
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Fig. 1.10 The dependence of stress on strain for the different surface
states.

are somewhat different from those inside the bulk. This is mainly because part
of interatomic bonds are broken at the surface. These broken bonds are called
dangling bonds. This means that unpaired electrons tend to bond with each
other or with foreign atoms. The neighboring atoms can form pairs that are
called dimers.

In Figure 1.11 the bonds between the surface atoms are shown. The lattice
parameter of the surface crystal cell increases to twice its length in one di-
rection, compared with the perpendicular direction. This effect is termed the
2 x 1 reconstruction.

Fig. 1.11 Formation of atomic dimers on the surface. Reconstruction
2x 1.

There is still no reliable experimental technique for the unequivocal deter-
mination of the atomic structure of the topmost surface layer. One has there-
fore to consider various models of the surface structure. As usual, the calcula-
tions based on the model have to be compared with experimental data.
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A quantum-mechanical description of the electronic properties has been
worked out for simple metals. It begins with the description of a gas of free
electrons. In order to describe the basic properties of the surface one examines
the problem of many bodies in the framework of density functional theory.
This theory was developed in order to discuss the basic electronic properties
of metals.

Here we follow the approach of Blakely [1] as well as that of Liith [4] and
Kiejna and Wojciechowsky [5].

1.4.1
Model of Free Electrons in Solids

Let us consider a cubic box of size L x L X L of a monovalent metal. Inside the
metal crystal the electrostatic potential V(7) is a periodic function of the dis-
tance. However, electrons are trapped by the metallic ions inside the metal.
According to the Sommerfeld idea one can represent the bonding between
ions and electrons by an infinite potential barrier at the metal surface. In that
case the electrostatic potential V(7) =const =a in the box and V (¥) = oo else-
where. The positive charge is distributed inside the cubic box with a constant
density o (r) = ne, where n is the number of ions per unit volume and e
is the charge of the electron. The state of each electron is described by the
Schrédinger wave equation

h 2 _
[_mv ot w] By (1.25)

where i = h/27, his the Planck constant, m is the mass of an electron, ¥ is the
wave function, V is the potential due to all the other electrons and the positive
charge in the system and E is the total energy of the electron?.

The motion of the electron is limited by the surface. The energy E of the
electron in a bound state varies discretely.

The wave function squared, 1, determines the local position of the electron
in space. For example, in the one-dimensional case the probability w to find
an electron in a segment dz is given by

w(z) = P?(z) dz

The function w(z), as any probability function, has a property

/+Oo P (z)dz =1

—00

2) Atomic units are used in quantum physics. The Bohr radius a9 =
0.529177 x 10~'° m is a unit of length. The mass of the electron is
equal to m = 9.109534 x 10~3! kg. The electron charge ¢ = 1.602169 x
1071 C, and the Planck constant /1 = 1.054589 x 10~3* Js. In order to
convert SI units into atomic units onehastoputm =i =e = 1.
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The boundary conditions (x, y,z) = 0 must be justified on the surfaces of the
box under consideration. The solution of (1.25) is given by

P(x,y,z) = (%)1/2 sin (nanx) sin (mzy]/) sin (mZZZ) (1.26)

where positive integers ny,n,,n; = 1,2,3.... On the surface of the cube, the
boundary conditions ¢(x, y,z) = 0 are fulfilled.

The energies of the electron can have only discrete quantities. They are
given by

T2 h?

E =
2mL?

(2 + 3 +n2) (1.27)
The possible kinetic energies of the electron can also be expressed as

_hi hon 0 0
E= %k = %(kx+ky+kz) (1.28)
where ky, ky, k; are components of the wave vector k:

TNy
L

ky =

and similarly for k, and k.

The lowest energy level is equal to

m2h?
E(1L1,1]) = —= (1+1+1 1.29
(L1 = 25 (1+1+1) (1.29)

Only two electrons can have the same energy level. According to the Pauli
principle, successive electrons have to occupy higher levels. The energy of the
electrons of the highest occupied state at T = 0 is called the Fermi energy Er.
It is related to the concentration of electrons:

W 2
Er = %(37‘[ ) (1.30)
where 7 is the average electron density. The available energetic states are filled
at T = 0 K up to a maximum value of |k|. This is denoted by kr and is called
the Fermi momentum.

kr = (37%7)1/3 (1.31)
Thus
2
Er = h—k% (1.32)

2m

21
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A characteristic volume falling on one electron is equal to

L3
nry = N (1.33)

[SSAR

In units of the Bohr radius ag the so called Wigner-Seitz radius 7 is given
by

=0 B/ (134)
ao ao
where 7, is measured in atomic units.
In Table 1.2 parameters of the electron subsystem in some metals are pre-
sented. The parameters were calculated based on the valency of metals and
volumes of their crystal unit cells.

Table 1.2 Parameters of the electron subsystem in some metals. Z is the number of the element in
the periodic table. fcc is the cubic face-centered crystal lattice, bee is the cubic body-centered, hep is
the hexagonal close-packed, cc is the cubic complicated crystal lattice. 7 is the electron concentra-
tion, Er is the Fermi energy, r; is the characteristic radius, kr is the Fermi momentum.

Metal Z Crystal lattice Valency 7,10 m™3 FEr, eV r,au. kp100m™1

Na 11 bce 1 0.254 3.15 3.99 1.75
Mg 12 hep 2 0.867 7.14 2.65 1.37
Al 13 fec 3 1.81 11.7 2.07 1.75
Ti 22 hcp 4 3.02 16.5 1.75 2.08
\ 23 bce 5 3.58 18.4 1.65 2.20
Cr 24 bce 6 5.03 23.1 1.47 2.46
Mn 25 cc 2 1.65 10.9 2.14 1.70
Fe 26 bce 2 1.70 11.1 2.12 1.71
Co 27 hcp 2 4.82 227 1.50 2.43
Ni 28 fce 2 1.84 11.8 2.06 1.81
Cu 29 fee 1 0.847 7.0 2.67 1.36
Nb 4 bce 5 2.80 15.6 1.79 2.02
Mo 42 bcc 6 3.84 19.3 1.61 2.25
Ag 47 fee 1 0.586 549 3.02 1.20
w 74 bce 6 3.81 19.1 1.62 2.24
Au 79 fcc 1 0.590 5.53 3.01 1.21
Pb 82 fee 4 1.32 9.47 2.30 1.58

The concentration of electrons in metals varies in the range (0.25 — 5.03) x
10% m~3. The Fermi energy ranges from 5.5 to 20 eV. The five and six-valency
metals with the body-centered crystal lattice V, Cr, Nb, Mo, W have larger
values of 77 than do metals with the face-centered crystal lattice Al, Ni, Cu,
Ag, Pb, Au.

It is worth considering the correlation between the concentration of the elec-
trons 77 in a metal and the parameters of strength of the crystal lattice.
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We may choose a mean-square amplitude of the atom vibrations 12 as a
measure of the interatomic bonds. The temperature dependence of this value
du?/dT is a characteristic of the crystal lattice strength of solid metals. The
vibration of the atoms can be compared if one takes into account the different
mass m of the atoms. The value of 12 was found to be inversely proportional
to the atomic mass [15]. Consequently, it is expedient to exclude the mass
effect by multiplying values du2/dT by the mass of one atom.

Thus, we have found [15] the reduced amplitude, that is, the parameter 7,
which characterizes the strength of the interatomic bonds,

n=m—— (1.35)
The less the reduced amplitude 7, the greater the strength of the crystal lattice.

In Figure 1.12 the correlation between the electron concentration and the
parameter # is presented.
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Fig. 1.12 Correlation between the electron concentration in metals
and the reduced amplitude of atomic vibrations.

The interatomic bonds in metals are realized by free electrons. From this
point of view the correlation in Figure 1.12 seems to be logical. Also Fig-
ure 1.12 shows chromium as a material with strong interatomic bonds. Simi-
lar properties are indicated by the values of # and 7 for tungsten, nickel, iron,
and aluminum. It is no surprise that these metals are most favored in modern
practice.
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1.4.2
Semi-Infinite Chain

A simple model consists of a monoatomic linear chain fastened at one end.
The end of the chain represents the surface. Assume that the axis Oz is di-
rected perpendicular to the surface, the point z = 0 is the abscissa on the
surface.

The total potential of the electron is a periodic function of the distance.
Thus, we can write

Viz+r)=V(2). (1.36)

The dependence of the potential along the chain is assumed to be the cosine
function,

V(z) = {ZVO cos(2mtz/a), z <0 (137)

Voac, z >0,

where a is the parameter of the crystal lattice.

One tries then to solve the Schrédinger equation (1.25).

Far away from the surface, at z < 0, the electronic wave function in
the lower-order approximation can be taken as a superposition of two plane
waves:

P(z) = Aexp(ikz) + Bexp {i <k - 2;) z] (138)

where A and B are constants, k = 27t/ A is the absolute value of the wave
vector in the normal direction and a4 is the crystal lattice parameter. Near the
Brillouin zone boundaries characteristic band splitting occurs; an electron is
scattered between states k = +7/a and k = —7/a. The dependence of the
energy of the electron on the wave vector is parabolic and splits near k =
+m/a.

Let us briefly consider the solutions of the Schrodinger equation near a solid
surface. The two solutions (for z < 0 and z > 0) have to coincide at the surface
z = 0. The same requirement is imposed on the derivation di/dz. It turns out
that under the surface, the solution is a superposition of both an incoming and
a reflected wave. Thus, a standing wave is formed near the surface.

In Figure 1.13 one can see the dependence of the squared wave function on
distance. The peak at the surface indicates that the electron is attracted by the
surface. Atz > 0 the wave function decreases exponentially. The electronic
tail is spread out the surface as far as 0.1 nm.

One can imagine the electron distribution near the surface as shown in Fig-
ure 1.14. A dipole layer is formed at the surface. The surface atoms are un-
balanced because they have neighbors on one side and none on the other.
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Fig. 1.13 Squared wave function of an electron near the surface.

Fig. 1.14 The distribution of electrons near the surface: a, equipo-
tential lines in an electric double layer; b, distortion of the charge in
a model simple cubic lattice. Reprinted from [2] with permission from
Oxford University Press.
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Therefore the electron distribution around them is an asymmetrical one with
respect to the positive ion cores. This leads to a double electric layer as shown
in Figure 1.14a. The dipoles are directed into the metal from the vacuum.

The graph in Figure 1.13 is a section of Figure 1.14b with a plane passing
through ions parallel to the surface.

If the surface has steps the electronic charge tends to smooth them out (Fig-
ure 1.15).

Fig. 1.15 Formation of electronic surface dipoles at the metal surface:
a, smearing out of the charge distribution. Rectangles are the Wigner—
Seitz cells; b, smearing out of the electronic charge distribution at a
step. The increase in the negative charge (an electron cloud) is formed
near the step. Reprinted from [4] with permission from Springer.

1.4.3
Infinite Surface Barrier

One can further complicate the Sommerfeld model (perhaps more realisti-
cally).

The next step in the model of free electrons is to introduce a potential barrier
at the surface. This barrier confines the electronic charge.

It is appropriate to replace the metallic cube by a slab of thickness L in the z-
direction which extends infinitely in the x- and y-directions [5]. One assumes
that a discontinuity in the potential at the planes z = 0 and z = L is described

0, f 0< <L, - S ’ S 4
v<f>={ ewbere (1.39)

co, elsewhere

This means that one sets infinitely high potential walls at x = 0 and x = L.
Further, one replaces the actual infinite set of wave functions by a finite
number, imposing boundary conditions, characterized by a period L in the y
and z directions and a fixed boundary at x = L.
In this case the appropriate wave functions have the form

2 1/2
ww2) = (35) sinlke) explihy + kez) (1.40)

where k, = (27tny)/L, k; = (2mny)/L, ny, = 0,£1,£2,..., ky = (7ny)/L;
ne=1,2,3...
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The density of electrons is given by
0 =—lel Y |yl (1.41)
k

The variation in the density of the electronic charge can be expressed [1,5]
as
3cos(2kp z)  3sin(2kr z)
(ka Z)z (ka 2)3

where z is the distance in the normal direction to the surface.

In Figure 1.16 the distribution of the electric charge near the surface is pre-
sented for two metals. The dependencies have been calculated in accordance
with (1.42). The dependence exhibits some oscillations near the surface rela-
tive to the average bulk value. The wave length of the oscillations is equal to
7t/ 2kp. The electron tails jut out of the metal surface for ~ 0.08 nm.

o- = —nle|B, = —nle| |1+ (1.42)
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Fig. 1.16 Distributions of the electric charge near the surface in nickel
and titanium. The positive charge is assumed to be uniform inside the
metal. The electron density oscillates in the metal near the surface.
Dipoles are directed into the metal from the vacuum.

1.4.4
The Jellium Model

The energy of two subsystems in metals determines the most characteristic
features of electronic structure of a clean solid surface. This energy consists
of the kinetic energy of the electrons, the energy of attraction between the
electrons and the ions and the energy of electron repulsion.

Let us assume that a semi-crystal system consists of N electrons and N ions.
The position of each ion is determined by the vector R.

27



28

1 Peculiarities of the Metallic Surface

In quantum mechanics, the Hamiltonian is known to correspond to the total
energy of a system. It is given by:

702
H =

W'Mz
S \Fw
N\ —_

N
2 (1.43)
i

]

where p;, m, and e are the momentum, the mass and the charge of the electron,
respectively, Z is the charge of the nucleus and 7; ; are radius vectors of the
electrons. The first term of (1.43) is the sum of the energies of the electrons. The
second and third terms represent the Coulomb ion—electron and the electron—
electron interactions. The presence of the last term makes the solution of (1.43)
intractable.

The jellium model is a realistic approximation for simple metals. In this
case the conduction electrons scatter only very weakly from the screened ion
core pseudopotentials. In this model the positive charge is considered to be a
homogenous medium forming a sort of jelly. The positive background charge
has a density equal to the spatial average ion charge distribution. For the
metal surface the distribution of the positive charge can be modeled by a step
function:

S
n+(z)—{g z;o (1.44)

The axis z is normal to the surface. The average electron concentration ac-
cording to (1.31) is given by
i3
= F
n=-—"5 1.45
32 (1.45)
The uniform positive charge density 7 is often expressed in terms of an in-
verse sphere volume,

1 - 47 3
= = (?) 3 (1.46)

The sum of the positive and negative charges must be equal to zero, so

Jin) = ns(2))dz =0,

where n(z) is the electron density.

Replacement of the discrete lattice of ions and conducting electrons by the
uniform positive background, leads to an error. However, the estimation
shows that this error in energy is of the order of 107 eV which is much smaller
than the Fermi energy.
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The electron density variation perpendicular to the surface reveals two fea-
tures. First, electrons jut out (spread out) into the vacuum (z > 0). In this
way electrons create an electrostatic dipole layer at the surface. The electron
distribution has no sharp edge. One should distinguish between the physical
and the geometric surface. The first one denotes the location of the barrier,
the second is the place where the positive charge background vanishes. The
electron density decreases exponentially with the distance from the surface.

Second, the function 7(z) oscillates as it approaches an asymptotic value
and compensates for the uniform positive charge in the bulk. The potential
step keeps the electron within the crystal.

Figure 1.17 illustrates the dependence of the electron density upon the dis-
tance for two values rs. At the higher electron densities (s = 2) the electrons
extend further beyond the positive charge and the oscillations in the electron
density are greatly diminished.

T T T T
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2
8 o5+ -
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Fig. 1.17 Electron density profile at a jellium surface. r; is the charac-
teristic (Wigner—Seitz) radius. Data of Lang and Kohn. Reprinted from
[3] with permission from Cambridge University Press.

We have already seen an analogous calculated dependence for nickel and
titanium in Figure 1.16.

The distribution of the electron density near the monoatomic step is note-
worthy. The electrons jut out as before but, in addition, they tend to smooth
out the sharp step along the surface. Figure 1.18 presents the electrostatic po-
tential near the monoatomic step for the jellium model. An electrostatic dipole
appears oriented oppositely to the jut-out value. The net dipole moment is re-
duced relative to the flat-surface value.
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o)

—5.0 T T ? T T
-10.0 0.0 10.0
x(a.u.)

Fig. 1.18 Electrostatic potential near a jellium step. The heavy solid

curve indicates the smoothed electron surface. Data of Thomson and
Huntington. Reprinted from [3] with permission from Cambridge Uni-
versity Press.

1.5
Summary

The surface energy 7 is equal to the work necessary to form the unit area of
surface by a process of cleavage of the solid into parts.

Variation in the Helmholtz free energy of a solid by the equilibrium cleaving
process, in a general case, is given by

dF = —SdT — pdV + udN +ydA + Ady (1.47)

The fourth term on the right-hand side describes the work needed to break
down interatomic bonds and to create the surface area dA. The average area
per atom is unchanged, but the number of atoms on the surfaces increases.
The fifth term contributes the free energy due to changes in the interatomic
distances on the new surfaces. These changes are balanced in the macro-
scopic and microscopic areas. The number of atoms on the surfaces remains
unchanged. The stressed surface contributes a surface energy by an incre-
ment dvy.

A rearrangement of atoms occurs in the topmost layers of the surface. One
uses a special notation to denote the surface superstructure. The notation re-
veals the dimensions, the nature and the orientation of the unit cell in the first
plane relative to the underlying ones.

Defects always exist on real surfaces. Defects of zero dimension are vacan-
cies, adatoms, ledge adatoms, and kinks. Their sizes in three dimensions are
of the order of the interatomic distance. The step is a one-dimensional de-
fect, in which the ledge separates two terraces from each other. Steps of the
single atomic height prevail over steps of several atomic heights. There are
also groups of defects such as divacancies, and steps of some interatomic dis-
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tances in height. Other defects are related to dislocations. The applied stress
and strain leads to the generation of ensembles of surface nanometric defects.
These ensembles have the shape of prisms and differ from one another by
dimension and energy of formation. Walls of nanodefects consist of steps of
width from 5 to 50 nm. The walls are formed in consequence of an output of
dislocations along planes of the light slip on the surface.

The parameters of the electron subsystem in some metals have been calcu-
lated based on the valency of the metals and the volumes of their crystal cells.
The concentration of electrons in metals varies in the range (0.25 — 5.03) X
10% m~3. The Fermi energy ranges from 5.5 to 20 eV.

The electron concentration correlates with a parameter of the strength of the
crystal lattice

where 12 is the mean-squared amplitude of the atomic vibration, m is the atom
mass and T is the temperature.

The free electrons in the metals are attracted by the surface. The electron
density oscillates near the surface. Atz > 0 the wave function squared de-
creases exponentially. The electronic tail juts (spreads) out on the surface as
far as 0.08-0.10 nm. The electron distribution around the surface atoms is
asymmetrical with respect to the positive ion cores. A dipole layer is formed
at the surface. The dipoles are directed into the metal from the vacuum.

The jellium model is a realistic approximation for simple metals. In this
case the conduction electrons scatter very weakly from screened ion core pseu-
dopotentials. In this model the positive charge is considered to be a homoge-
nous medium forming a sort of jelly. The positive background charge has a
density equal to the spatial average ion charge distribution. For the metal sur-
face the distribution of the positive charge can be modeled by a step function.

The electron density near the monoatomic surface step tends to smooth out
the sharp step along the surface. An electrostatic dipole appears to be oriented
opposite to the jut-out value.






