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In the frame of the Kohn—Sham self-consistent method, we have
calculated the electron work function, contact potential difference,
and surface stress of the elastically deformed faces of Al, Au, Cu,
and Zn crystals with a dielectric coating. The dielectric coating
decreases the work function and increases the contact potential
difference. The calculations showed the opposite behaviors of the
work function of electrons and the contact potential difference
under deformation. It is shown that the measurements of the
contact potential difference of a deformed face by the Kelvin
method correspond to a variation of the one-electron effective
potential on the plane of the virtual image behind the surface,
rather than to a change of the electron work function. The
calculated quantities are in agreement with the results of both
experiments for polycrystals and first-principles calculations.

1. Introduction

Till now, a certain bulk of the results of experimental
and theoretical studies of the field and thermoelectron
emissions, as well as the dependences of the work
function and the contact potential difference on a
deformation and a dielectric coating of metal specimens
[1-9].

The measurements based on the Kelvin method
have shown the dependence of the Volta potential ¢
on a deformation of the surfaces of metal specimens.
By this dependence, one can estimate the parameters
of a stressed state of a metal: the value of residual
mechanical stresses, the structure of dislocations, and
corrosion resistance. The chemical activity related to a
value of the surface energy or the tension is also sensitive
to the surface deformation [6,7].

In connection with the perspective development
of mnanotechnologies, for example, the formation of
nanoclusters on metal films with a dielectric coating, the
creation of molecular transistors on this basis [10,11],
and the diagnostics of such structures, the problem of
the interrelation of surface tension, work function, and
measured contact potential difference is urgent.

In the recent works [3-7], the direct measurements
of ¢ in the processes of uniaxial, two-axis, or bending
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deformation of plane Al, Cu, steel, Zn, and Ni specimens
were performed (the references on earlier experiments
are given in [10]). The work function was calculated (as
it is accepted in the Kelvin method) by the formula

W W,

—€

@ (1)
where e is the elementary positive charge, and W is the
work function of electrons from a probe [6,7].

Despite the fact that similar measurements have been
carried on for a long time, there exists no unambiguous
opinion about the interrelation of the contact potential
difference and the work function up to now (see, e.g.,
[12]). The answers to some questions, including the
work function anisotropy which was numerically studied
within the method of density functional, are given in [13—
15.

The dependence of the work function on a dielectric
coating was calculated by the direct variational method
in the earlier works (see references in [16]) and by the
Kohn—Sham method for a Na nanowire in the model of
“ordinary” jellium [17].

The purpose of the present work is the calculation of
energy characteristics of the elastically deformed metal
surface coated by a dielectric and the interpretation
of the relevant recent experiments [3—7|, in which the
dependence of the contact potential difference of the
stressed surface of Al, Cu, Au, and Zn in air or in various
gaseous media was measured.

2. Model of the Surface

In the frame of the method of density functional, the
total energy of a bounded metal crystal is a functional of
the inhomogeneous electron concentration n(r), n(r) —
7 in the metal bulk, n = 3/4mr3, ro = ZV3r, ro and rg
are, respectively, the mean distances between ions and
electrons in the bulk of the unstressed metal, and Z is
the valency.

In the pseudopotential approximation (the model of
stable jellium), the total energy can be written in the
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form of a sum
E[n(r)] = Ty + Exc + Eu + Eps + B, (2)

where Ty is the kinetic energy of noninteracting
electrons, Fy. is the exchange-correlation energy, Ey
is the (electrostatic) Hartree energy, Eps is the
pseudopotential correction, and Fy; is the Madelung
energy. The sum of three first terms in (2) corresponds
to the energy of an “ordinary” (unstable) jellium.

The model of a deformed surface and the scheme of
a deformation (Fig. 1) are comprehensively presented in
[15]. Here, we consider only the necessary details which
arise mainly due to the presence of a dielectric coating.

As a rule, a semiinfinite metal is described with
the use of the elecron profile n(r) and the effective
potential veg(r) which vary only in the direction normal
to the face of the surface under study. The commonly
accepted approach admits the use of periodic boundary
conditions in the x- and y-directions. Hence, we assume
the presence of crystallographic planes normal only to
the z-direction. In this case, the system of Hartree—Fock—
Kohn—-Sham equations looks as

5z vl a2) = Tt ®)
F
n(e) = = [ dk (8~ 1) [ (@
0
The effective potential
Vet [2,1(2)] = €9(2) + Uxe(2) + (00) g 0(—2) (5)

is written in the approximation of local density. The
electrostatic potential

d(2) = ¢p(o0) — 47re/dz’/dz”[n(zue)(z_//§(2/l)] (6)

is obtained by the integration of the Poisson equation
with the boundary condition ¢(z) — 0 at great distances
from the metal. For example, the function e(z) for the
semiinfinite metal — semiinfinite dielectric contact is
equal to 1 inside the metal and ¢ behind its surface,
e is the dielectric constant. The distribution of the
ionic charge is modeled by the jump-like function
p(z) = nbB(—z). The term (6v)face (5) independent of
the coordinates allows one to distinguish different faces
of a crystal [13, 15, 18].
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Fig. 1. Qualitative scheme of the elastic uniaxial tension of a
specimen under the action of a force F; d is the distance between

crystallographic planes

The model in use describes the structure of a metal
“on the average”, like in the model of “ordinary” jellium.
Therefore, we describe a dielectric on the surface only
with the use of the dielectric constant ¢, as it is accepted
within the approximation of continuous medium.

The thickness of a dielectric ma the surface of a
semiinfinite metal is foreseen to be less than the free path
of an electron (tens of A) injected into this dielectric. As
will be shown in what follows, the electron profile drops
sharply (approximately at a distance of 10-15aq) in the
dielectric. For comparison, we recall that the diameter
of molecule Oy equals 6ag. Therefore, the calculations
are executed under the assumption that the dielectric
is semiinfinite. This simplifies the calculation of the
electrostatic potential by the iteration procedure.

The wave number vary in the interval (0, kp). In
order to find a self-consistent solution of the system of
equations (3), (4), and (6) for n(z) and ¢(z), we used
the iteration procedure.

3. Self-Consistency Procedure

In the model of stable jellium, a metal i sdescribed
only by the parameters Z, rs, and d (d is the distance
between crystallographic planes which is the argument
of the function (0v),., in (5)). By setting the relative
deformation u,,, we will calculate a change of the cell
volume with the use of the Poisson’s ratio. This leads to
a change of 75, 7 as a consequence, and also d (values of
the parameters are taken from [15,21]).

By solving Eq. (6), the initial approximation was
taken in the form of a one-parameter trial function [19]

n Y (2) = nf (2),
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1—Llexp(z/L)
z) = 2 ’
10 ={ Yot (o).

whose optimality is determined by the condition
v(L,[n]) — min for the surface energy at a given
value of 7 (L is the variation parameter). For such a
function, the electrostatic potential is obtained by the
substitution of (7) in the Poisson equation with the
following integration:

¢!V (2) = —4nnL?f(2), (8)

z <0,
z >0, (7)

where ¢ is the iteration number.

After the determination of the initial approximation
of the electrostatic potential by formula (8), we
calculated the effective potential (5). Then, by solving
the differential equation (3), we determined the wave
functions and substituted them after the normalization
in Eq. (4). In such a way, we determine the distribution
of the electron concentration n(?(z). Then we again
calculated the electrostatic potential ¢(®)(z). Such a
procedure was repeated until the electrostatic potential
¢ (4+00) at the i-th iteration step differs from
#=1 (+00) at the i — 1-th step less than by 10~% V.

In order to determine the electrostatic potential
¥ (z), it is necessary to solve the one-dimensional
Poisson equation at each i-th step of the iteration
procedure. To this end, the one-dimensional Poisson
equation is rewritten in the form

d®¢(z)

dz?

— @ 9(2) = ———=[n(z) — nf(—=2)] — ¢*¢(2). (9)
We introduced the term ¢%¢ as a small perturbation.
This is the standard procedure of the numerical solution
of such differential equations.

Equation (9) was solved by the Lagrange method.
The solution has the form

0

(j)(li)(z) = / dz' Upe=1*=#'14
+C1e?” + Che™ %%, 2 <0, (10)
0

+C3e? + Cye %, 22>0, (11)

where

Uy = Tt — a + Lot e, (12
q
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= 2re 1)

. . (13)

+26070().

The constants C 2 3.4 remain unknown. The boundary
conditions

do}"

__dgy! @ _ 0
dz lmo = T dz l=o’ %1 2=0 2 2=0"
dg” dg”
_o, —0 14
dZ Z=—00 dZ z=+00 ( )

give a system of four equations (14), whose solution has
the form

b 0
2 / ,
Ci = jl/dz’ Use™ 9 Jr/dz’ Uye*
0

- (15)

0 b
02 = e2qa/dzl Ule_qz/, 03 = 6_2qb/dzl U2eQZ/7 (16)
a 0

0 b
’ E — 1 p
/dz’ Uje? + 1 /dz’ Use™ 9%, (17)

a 0

C:
4 e+1

where a and b are the lower and upper limits of the
integration with respect to z, respectively. The result
can be simplified, because Cy — 0 as a — —oo and
C5 — 0 as b — oco. It is convenient to take ¢ = kp.

At e =1, formulas (10) and (11) can be rewritten in
the form

o0

¢(Z)(z) = / dzl{e—lgp|z—z'|%Fe[n(i—l)(zl) _ p(z’)]—|—
500} (18)

[The self-consistent scheme in [20], which was used in
the calculation of the binding energy of a positron at
the vacancy of a metal, is also reduced to formula (18).]

Assuming the value of the electrostatic potential in
vacuum far beyond the scope of a metal coated by
a dielectric to be zero, ¢(+00) =0, we can calculate
the work function of electrons in the metal-dielectric—
vacuum system in the z-direction,

W= K= _/Deﬂ‘ - éFa (19)
and a component of the surface tension
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where p is the chemical potential of electrons, ~y is the
specific surface energy of a face, and u,, is the relative
deformation.

The bulk value of the effective potential v.g < 0 gives
the full height of a barrier on the metal face-vacuum
interface, and &r = h2kZ/2m > 0 is the Fermi energy
reckoned from the planar bottom of the conduction
band.

4. Results of Calculations and Their
Discussion

As a test, we firstly calculated the characteristics of
pure and unstrained surfaces of polycrystalline metals
Cs, Rb, K, Na, Ba, Li, Sr, Ca, Pb, Mg, Al, and Cu. Our
results coincide with the data in work [18], where the
characteristics of these metals were calculated as well.

The quantity (0v),., included in the effective
potential allows us to construct the profiles of electron
concentrations for planes with different indices which
were used in calculations of the observable quantities.
The greatest surface energy and the least work function
correspond to the face (110) of an fcc lattice.

In the Table, we compare the calculated and
experimental values of the specific surface energy v and
the work function W for polycrystals of Al, Au, Cu, and
Zn. Both collections of the data are in a good agreement.
The ab initio calculations performed in [9] give Yeace =
1.114; 1.343; 1.372 J/m? and W = 5.65; 5.56; 5.42 eV for
Au(111), (100), and (110), respectively (see also Table 1
in [9]).

Calculations of the characteristics for deformations
—-0.04 < wy, < +40.04 display the almost linear
dependences of surface characteristics on deformations.
A positive/negative deformation wu,, means the
decrease/increase of the mean concentration of electrons
7 and the tension/compression of the upper face of
a specimen, i.e. the decrease/increase of the package
density of atoms and the interplane distance in the
direction normal to the z axis.

Calculated /experimental values of the specific surface
energy v and the work functionW for polycrystals of Al,
Au, Cu, and Zn

Metal | Z | rg(a0) | v (J/m?) | W (eV)
Al 3 2.07 0.926/1.160  4.30/4.25%(4.28%)
Au 3 2.09 0.912/1.134  4.28/4.30%(5.10°)
Cu 2 2.11 0.893/1.351  4.26/4.40%(4.65")
7Zn 2 2.31 0.739/0.772 4.10/3.62¢

N o t e: The experimental values of the specific surface energy ~
are taken from [21-23|, and the experimental values of the work
function W: a — [24], b — [25].
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Fig. 2. Dependence of the work function on the uniaxial

deformation: Al — solid lines, Cu — dashed lines

In the process of deformation, we observe the almost
linear growth of the surface energy. This means that
the quantity dvy/du,, is positive both for u,, > 0 and
ugz < 0. Relation (20) gives a value of the surface stress
Tzo which is somewhat greater than v(u,, = 0). For
Uzz > 0, the value of 7., is also somewhat greater than
that for ug,, < 0.

The value of surface tension 7 = 1.376 J/m?
calculated for Al(111) by formula (20) well agrees
with the results of ab initio calculations (1.441 [26];
1.249 J/m? |27]) and is significantly less than values
obtained in [28,29]. For example, dv/duy, for trivalent
gold in [28] is much greater than . The calculations
performed in [9] gave significantly greater values 7 =
3.317; 2.723; 2.020 J/m? for Au(111), (100) and (110),
respectively, (see also Table 1 in [9]) which are not
strongly different from results in [30-32]. We note that,
in the calculation of 7., and 7, for a specimen stretched
or compressed along the x axis, it is necessary to use
dry/du, taken for uy, < 0 or uz, > 0, respectively. The
reason lies in that the tension along the x direction leads
to the compression of the specimen in the orthogonal
directions.

According to Fig. 2, the work function decreases
linearly with increase in wu,,. The relative variation
if this quantity is approximately 1% for planes (111)
and (100) and 0.1% for (110). It turned out that the
dominant reason for the decrease in W with increase
in ug, is the change of (6v)face. On the whole at the
tension, AW is determined by negative changes in the
values of the electrostatic e¢ and exchange-correlation
Txe components of the effective potential Teg = ed+Uyxe+
(0v), .. and by positive change of the quantity (dv)

face face"
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Cu (111)

Z,a,

Fig. 3. Results of self-consistent calculations of the electron profile
n(z) and the one-electron effective veg(z) and electrostatic ¢(z)
potentials for face Cu(111) coated by the dielectric: € = 10 (solid
lines) and € = 1 (dotted line). z = z* shows the position of the
plane, on which a change of the effective potential as a result of the
deposition of a coating is zero. The position of the “image plane”

z = zp < z* is shown conditionally

The dominant role is played by the change of (dv), .,
whereas a change of the Fermi energy is insignificant.

We now carry on the comparison with experimental
data from [4,5]. It follows from Fig. 5 in [4] that the
change of the work function for the polycrystalline
surface of Cu at the uniaxial tension/compression is
—0.04/ + 0.02 €V on the boundary of the elastic and
plastic regions. Our result —0.03/ 4+ 0.03 eV agrees by
sign and magnitude with these values. A good agreement
is also obtained for Al [5].

The results of calculations [9] in the interval u,, =
{-0.04,40.04} demonstrated the change of the chemical
potential of electrons Ay = 0.08, 0.05, and 0.15 eV for
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Fig. 4. Dependences of the work function of electrons on the
dielectric constant € of the coating calculated for some faces of
monocrystals (solid lines) and polycrystalline surfaces (dashed

line)

Au (100), (110), and (111), respectively, which is
consistent by sign with our results but exceeds them
approximately twice. We recall that p and W have
different signs [see (20)].

In view of the multimolecular thicknesses of dielectric
coatings or oxides on a metal surface and a rapid
fall of the electron distribution outside of a metal,
we can formally neglect the effect of a thickness of
this coating, whose minimum thickness must be much
greater than that of a monoatomic (molecular) layer
of a dielectric. Such an assumption allows us not to
consider the boundary conditions on the dielectric-
vacuum interface on solving the Poisson equation.
Therefore, for convenience of calculations, we set that
the thickness of a dielectric is infinite, and the coating
has the same elastic properties, as a metal. The last
circumstance is related to that a metal and a dielectric
have, in fact, different elastic properties. Therefore, the
metal-dielectric interface can be really warped, which
cannot be taken into account in our model.

The effect of a dielectric coating on the surface is
reduced to the “elongation” of the electron distribution
tail and the effective potential beyond the surface of
a metal (Fig. 3). On the boundary of the metal and
the coating, there occurs the jump of the derivative of
the electrostatic potential d¢(z)/dz which is absent if
the dielectric constant of the coating equals unity. The
calculations were performed for e = 1,...,5,10, and 80.
In this case like in [17] for a nanowire of Na placed in
a dielectric, an increase in ¢ leads to a decrease in the
depth of the potential well (|Tg| decreases), in which the
electrons in the metal are positioned. For this reason,
the electron work function decreases (Fig. 4). The curve
W(e) tends to the “saturation”. The calculations are
especially difficult for the (110) plane of a fec lattice
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and plane (0001) of a hexagonal lattice due to the least
value of interplane distance d, on which the stabilization
potential (6v), . depends.

face

The deformation gradient of the work function in the
presence of a dielectric coating is independent, in fact, of
€. With increase in ¢, the effect of a coating is reduced
to a shift downward on the energy scale of all curves
W (ugy) in Fig. 2 in the presence of a deformation.

The results obtained are in qualitative agreement
with experiments, in which one observed a decrease
of the work function due to the presence of an inert
dielectric: Kr on the W(112) surface [33] (see also Fig.
6.1 in [2]) and paraffin and polyethylene on Al or Zn [6].
However, if the reaction of oxidation is running on the
surface (Zn in humid air), the measurement of the Volta
potential (Fig. 1 in [6]) demonstrate an increase of the
work function according to formula (1) within the Kelvin
method. The replacement of humid air by dry one (see
the experiment in [6]) leads to the opposite change of
the Volta potential. We may assume that, in addition
to the oxidation of the surface, the water vapor brings
a negative charge. This charge firstly leaks partially
in a metal and then, after the formation of an oxide,
remains in the thin water layer on the surface. This
charge is removed then by dry air together with water.
The presence of a noncompensated charge is apparently
revealed in the measurements through a more negative
Volta potential and an increase of the work function.

By definition (1), a change of the Volta potential
due to a perturbation of the surface (the charging, a
deformation, or the coating with a dielectric) is
—eAp = AW. (21)
It was concluded in works [13,14] that the Kelvin method
allows one to register changes of the surface potential
due to a deformation; therefore, the interpretation of
the results of measurements of the Volta potential must
be based on the analysis of a change of the effective
potential v.g near the surface under the action of a
deformation rather than on a variation of the work
function. The Kelvin method fixes the potential beyond
the geometric surface of a body on the image plane,
relative to which the electrostatic image is constructed,
i.e. on the plane z = zy (see Fig. 3). As distinct from the
work function W (to which (6v)face directly contributes,
because its value is nonzero only in the interior of a
specimen), the effective potential at the point z = z
“feels” a deformation with the help of the procedure of
self-consistency of the solution of the Kohn—Sham
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Fig. 5. Variation of the effective potential Aveg(€) = verr (20,€) —
Vett (20,€ = 1) on the virtual image plane as a function a dielectric
constant for three faces (solid lines) and the surface of a polycrystal
(dotted line)

equations. Therefore, we use, instead of (21),

Ap = Ave (20, €, Uy ) /€. (22)

For different faces of different metals, zg ~ 1 ag [10]. The
calculations of veg(z) for Cu (111) executed at ¢ = 1 and
Ugr = 0,44 % gave the relation Aveg(z = 20, Uze) =
Vett (20, +4%) — Vett (20, 0) = @Aveg(z = —00, Uz ), Where
a ~ —1.4. As a result of the fact that a change of the
Fermi energy is slight [see definition (19)], we have

Ave (2 = —00, Uy ) = AW.

For Al (111), we get a ~ —3. This means that,
in the process of deformation, values of the effective
one-electron potential in the bulk (a position of the
conduction band bottom) and beyond the surface are
shifted to the opposite sides on the energy scale. Thus,
Agp (Fig. 5) and AW differ both by sign and absolute
magnitude.

As follows from Fig. 3, there exists such a plane
z = z*, on which the difference veg (2, €) —vegr (2%, = 1)
becomes zero. Because z* and zy are close to each
other, and the real surface is far from the ideal one,
the measurements of the Volta potential can give the
values of Ay opposite by sign, which is indeed observed
in experiments.

For the quantitative comparison with the
data of experiments, the obtained values of work
function for different planes should be averaged,
since a polycrystalline specimen is the collection of
arbitrarily oriented monocrystallites. In this case, the
qualitative answer will not be changed, because the
deformation gradients have the same sign for different
crystallographic faces of metals.

The inhomogeneous distribution of the Volta
potential observed in [6,7] on the surfaces of stressed
planar and bent finite specimens shows, as if, the
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nonequipotentiality of the metal surface. According to
classical electrodynamics, the equipotentiality of the
surface is probably ensured on the much greater distance
than the gap between a probe and the surface.

5. Conclusion

The surface tension, electron work function, and contact
difference of the potentials of elastically strained faces
of crystals of Al, Cu, Au, and Zn are calculated in
the model of stable jellium. A dielectric coating causes
a decrease of the work function and an increase of
the contact difference of potentials. The calculations
demonstrated a decrease/increase of the work function
and a increase/decrease of the contact potential
difference on the homogeneous tension/compression of
the surface of a metal crystal. The results correspond
to the direct observation of a shift of the contact
potential: values of the effective potential beyond faces
of a specimen shift to the side of negative/positive values
if a tensile/compressive force acts. The result does not
depend on a metal and a crystallographic direction: the
change of the work function has the same tendency as ¢,
but not the inverse one, as it was shown by calculations
based on the direct variational method and simple trial
functions [10].

The results obtained can be used in the diagnostics of
metal films in electronics for the presence of a dielectric
coating on the surface or dislocations in the metal
bulk. By determining the surface characteristics, one
can control the processes of formation of thin adsorbed
polymeric films on metals and the deposition of oxides.

As a very important point, we mention the problem
of the protection of metals against corrosion. The
determination of the surface energy or the surface
tension allows one to estimate the chemical activity of a
surface and, in particular, its corrosion resistance.
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BILJIUB JIEJTEKTPUYHOT'O ITOKPUTTA METAJIEBOT
ITIOBEPXHI HA POBOTY BUXOAY EJEKTPOHIB

A.B. Babiu, B.B. Ilozocos

Peszmowme

Pobory Buxomy ejIeKTpOHIB, KOHTAKTHY DI3HUIIO IOTEHIiaJIiB Ta
OBEPXHEBY HAIPYTy NPYXKHO AeOpPMOBAHUX I'paHeil KPUCTAJIIB

Al, Au, Cu Ta Zn 3 JieJIeKTPUYHUM IOKPUTTIM PO3PAXOBAHO
B paMKax camoysromxkenoro merony Koma-Illema. [liesekrpudane

ISSN 0503-1265. Ukr. J. Phys. 2008. V. 53, N 8

MOKPUTTS 3MEHIILYE pOOOTY BUXOMY 1 301IbIIIy€e KOHTAKTHY PI3HUIIIO
noreHniajgiB. Po3paxyHku JIeMOHCTPYIOTH NMPOTHUJIEXKHI Jlecbopma-
niifHi 3aJI€2KHOCTI POOOTH BUXOLY €JIEKTPOHIB i KOHTAKTHOI pi3HU-
i norenniadais. [lokazano, mo BuMipoBanHs MeTomgoM KesbBina
KOHTAKTHOI Pi3HMII MOTEeHIaJiB gedopMoBaHOl rpaHi Bimmosiga-
IOTH He 3MiHI pOGOTH BUXOMY €JIEKTPOHIB, a 3MiHI 3HAYEHHS OJHOE-
JIEKTPOHHOT'O e(heKTUBHOIO IMOTEHIia/ly Ha MJIOIIMHI YySBHOTO 300-
pa’KeHHs 3a IOBepxHelo. Po3paxoBaHi BEJMYINHN y3rOKyIOThC 3
pe3yJibTaTaMU €KCIIEPUMEHTIB J1JIs ITOIIKPUCTAJIB 1 pO3paxyHKiB i3
[ePIIUX ITPUHINIIIB.
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