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Abstract—We study the external strain effect on the surface properties of simple metals within the framework
of a modified stabilized jellium model. We derive the equations for the stabilization energy of the deformed
Wigner—Seitz cells considered as afunction of the bulk electron density and the given deformation. The results
for the surface stress and the work function of aluminium calculated using the self-consistent Kohn—Sham
method are also given. The problem of anisotropy of the work function of afinite system is discussed. A clear
explanation of independent experiments on the stress-induced contact potential difference at metal surfacesis

presented. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The early experimental investigations of the force
acting on electrons and positronsinside a metal tubein
the gravitational field of the Earth [1, 2] raised a ques-
tion about the influence of metal deformation on the elec-
tron work function. The direct measurements using the
Kelvin method showed a decreasefincrease of the contact
potentid difference (CPD) of the stretched/compressed
meta samples [3-5]. Similarly, the experiment with a
high-speed spinning meta rotor nonuniformly deformed
over the length demonstrated that the CPD changes
between areas of the surface subjected to different defor-
mations [6] (see a0 the discussion of the earlier experi-
ments by Harrison [7]). The influence of the deforma-
tion on the electron emission from athin metal film has
also been investigated [8]. Recently, asimilar effect on
the CPD was observed at the surface of asamplewith a
nonuniform distribution of the residua mechanical
stress [9]. These at first sight surprising results imply
the respective increase/decrease of the work function
with the uniaxia tension/compression of the metal
sample. All these experiments raise two important
guestions that must be answered by the microscopic
theory: (i) Does the change of the CPD correspond to a
changein thework function? (i) What isthe sign of the
deformation gradient of the surface energy and the
work function for a metal subject to the tension (or
compression) along some direction?

Thefirst question is related to violation of the local
electroneutrality of the metal and hence, to non-equipo-
tentiality of its geometric surface. The second question
stems from the general statement of the elasticity the-
ory: the change in the total energy of a solid is propor-

TThis article was submitted by the authors in English.

tional to the square of the relative deformation. There-
fore, the energy must increase for compression as it
doesfor tension. On the other hand, it was found exper-
imentally that, in the elastic deformation range, a
uniaxial deformation of ametal sampleleadsto alinear
changeinthe CPD [4, 5]. Thisimpliesthat the classical
elasticity theory is not completely correct in determin-
ing elastic characteristics of surfaces. This question is
also important in determining the surface tension or the
surface stress for macroscopic samples [10] and small
metal particles[11].

The measurements of the derivative of surface ten-
sion of asolid with respect to the electrical variable (the
so-called “estans’ [12]) indirectly show a small differ-
ence between the surface stress and the surface energy.
On the other hand, different calculations [13-15],
including the ones based on the first principles [16],
show an appreciable difference between these two
quantities. A rough estimation of the difference
between the surface energy and the surface stress can
a so be done using the cohesive energy and the vacancy
formation energy. In the continuum approximation, the
cohesive energy (or the atomic “work function”) €,
and the vacancy formation energy €, .. give respectively
the irreversible and reversible work required for the
creation of anew spherical surface of the Wigner—Seitz
cell with the radiusrg. Following [17], we have

Econ = 4T oYo(L + /),

where y, is the surface energy per unit area of the flat
surface and @@/r@0@ is the size correction for the
surface of a positive curvature.
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The reversible work for the creation of a vacancy
(which can be defined as the work needed for blowing
asmall bubble) is given by [18]d/r,

l'o

€vac™ Idr4nr2[2T0(1 =o/r)lr] = 4T[I'§TO(1 —0o/ry).
0

where we introduce a well-defined physical quantity—
the surface stress of the flat surface 1—to describe a
tensed curved surface [19, 20]. Combining the expres-
sionsfor €., and €., we obtain

_ i+ ES/rqstalC
°~y°EtL—6/rODscoh'

The Kohn—Sham calculationsin [21, 22] give d/ry =
0.40 and 0.52 for Naand Al, and the ratio of the exper-
imental values €,,/€., 1S approximately equal to 1/2
and 1/3, respectively. These values agree very well with
olr, = 1/2 obtained in [18], which follows from the
Langmuir semiempirical rule [23]. From this simple
estimation, it follows that 1, is approximately equal to
or less than yj.

In thiswork, we investigate theoretically the surface
energy, stress, and work function of an elastically
deformed metal. A uniaxial strain applied to the surface
introduces anisotropy to the metal by changing the den-
sity (or separation) of the atomic planes and the elec-
tron gas concentration and contributes to an extra sur-
face dipole barrier. A rigorous study of this problem
from first principles is tedious and requires cumber-
some numerical computations. On the other hand, the
calculations based on the isotropic models of metal,
i.e., on the jellium model [24] (which ignores the dis-
crete nature of ions) or the stabilized jellium modé (in
which interparticle interactions are averaged over vol-
umes of the spherical Wigner—Seitz cells), do not allow
one to properly account for the inhomogeneous strain
effects.

We develop a modification of the stabilized jellium
model in order to describe the metal deformed by the
strain [27]. In this modification, the metal energy is
expressed as a function of the density parameter r, and
the given deformation. In Section 2, we give a genera
discussion of the effect of the deformation-induced
anisotropy on the work function, which is one of the
most important electron surface characteristics. In Sec-
tion 3, we present equations for the stabilized jellium
model accounting for the elastic deformation. In Sec-
tion 4, the modified stabilized-jellium model is applied
to calculate, by the Kohn—-Sham method, the effect of
the uniaxial strain on the electron surface characteris-
tics of single-crystal aluminum.

2. THE DESCRIPTION OF DEFORMATION

Itisimportant to note that in all experimentswe deal
with finite samples. Different reticular electron densi-
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Fig. 1. A qualitative sketch of the sample deformation.

ties at particular faces of asingle crystal (crystallite) of
an irregular shape lead to different electrostatic poten-
tialsfor these faces. A similar situation can occur inthe
deformed metal.

We consider a hypothetical crystal having the shape
of arectangular parallelepiped (see figure). We assume
the equivalence of all crystal faces in the undeformed
state. This picture breaks down upon the crystal defor-
mation. The four side faces remain equivalent to each
other, but not to the two base faces. The electroneutral -
ity condition for the metal sample that is stretched or
compressed along the x-axis can be written as

I dxf dyIdz[n(x, v, 2 -p(XYy,2] =0, Q

where the electron charge density distribution n(r)
attains the magnitude n, in the metal bulk. The ion
charge distribution can be modeled by the step func-
tion,

p(r) = pe(r—r’),

where r' is the radius vector of the surface, p

and Z is the valence. We use atomic units (e=m
1) throughout.

By definition [14], with the electrostatic potential
set equal to zero in the vacuum, the electron work func-
tion for aface of the semi-infinite crystal is

- d,_
Wface = (PO—%(nOEJ)— |:BVDfacev (2)

fo/Z,
=h =

where @ < 0 denotes the electrostatic potential in the
metal bulk and €; = g(n,) is the average energy per

electron in the uniform electron gas. The last term rep-
resents the difference dv(r) between the pseudopoten-
tial of the lattice of ions and the electrostatic potential
of the positive background averaged over the Wigner—
Seitz cdll; this term alows us to distinguish between
different faces of the crystal (cf. Section 3).

For a deformed sample, we assume that the y- and
z-directions are equivalent. The deformation along the
x-axis induces an artificial homogeneous anisotropy.
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The work functions along the x- and z-directions seem
to be different for afinite sample, but this conclusion is
not correct. This notion is related to the widely spread
point of view (see [28] and references therein) that the
work function “anisotropy” is determined by the retic-
ular electron density of a given crystal face. However,
the electron work function is defined as the difference
between the electron energy level in vacuum and at the
Fermi surface. This difference is independent of space
directions and coordinates and is constant for a metal
sample. The work function (or the ionization potential)
isascaar quantity.

From the standpoint of afinite-size sample, the con-
siderations presented by Smoluchowski [28] and by
Lang and Kohn [29] are correct in the case where all
faces of the finite sampl e posses the same atomic pack-
ing density. For the cubic crystals, it is aparallel epiped
with all its sides having equivalent Miller indices. For a
sample of an arbitrary form, the work function in the
general case depends on the orientation of all parts of
the surface.

We note that the “spurious’ difference W, — W, of
the work functions along the x- and z-directions defined
using the standart form (2) vanishes. This leads to an
important inequality

GO —¢, = — v+ Bvz0 (3

that meansthat the values @ and @, of the electrostatic
potential in the bulk of the metal can be treated as if
they corresponded to different semi-infinite crystals.
This inequality does not alow us to unambiguously
define the work function of afinite macroscopic sample
because the surface electrostatic barrier is different for
different directions.

To simplify the analysis, we express the electron
profile of the sample as

n(r) = ne(r) +on(r) 4)
and
9= 9+50 (®)

where ny(r) and @y are the values corresponding to a
semi-infinite metal. The “surplus’ density dn(r) origi-
nates from the electron transfer from one crystal sideto
another [31] and differs from zero only in the near-sur-
face layer. Condition (1) along each direction then
takes the trivial form

00

AiIdX[no(r)—p(r)] =0, (6)

where A = A, A, A, are the areas of faces of a macro-
scopic sample and A, = A,

1 In the special case of anonzero quadrupole moment of the charge
distribution in the elementary cell, the effective potential in the
bulk depends on the shape of the sample [30].
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Taking Eqg. (4) into account, EqQ. (6) can be written
in the “cross-directional” form

[ [

AXIdxén(r) + 2AyI dyon(r)
~ ~ ()

00

+2AZJ'd26n(r) =0,

where the surplus charge at each sideis proportional to
its area. Here, for simplicity of illustration, we assume
that dn(r) is constant on each side of the sample. It fol-
lows from Eq. (7) that

J’ dzdn(r)

oo - A

o - 2Az, (8)
J' dxon(r)

which means that the charges on these sides have the
opposite signs. The entire sample must be neutral .2

The corresponding changes of the electrostatic
potential are determined by the Poisson equation,
which yields relations for the x- and z-components.
These relations have the same form

00

3@ = 4T J’ dxxdn(r) = —C,Xo, 9

where X, and accordingly z, are the positions of self-
induced charge density at the lateral and base sides and
C, and C, are constants. This allows us to speak about
the appearance of an additional, three-dimensiona sur-
face dipole barrier. Since (see Eq. (8))

A <A, A, (10)
we have
|C,/CJ O AA,
for the weight coefficients and
3@) = [3¢] <[54/
for the additional potentials. Using (5), we can rewrite
Eq. (3) as

5= BV — Bvl, and 8¢, = d@y=0. (11)

Condition (10) means that the work function is
weakly dependent on the electron transfer between the
faces perpendicular to y- and z-directions, and the mea-

2 \We note that the phase shift ny of the single-particle wave func-
tion aong each direction depends on the potential shape in the
vicinity of the surface and the Sugiyama—L angreth neutrality sum
rule [32] must be rewritten with the anisotropy (i.e., the self-
charging) taken into account [33].
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surement of the work function at these faces can there-
fore be replaced by the measurement for a semi-infinite
metal. The true work function can be measured by the
Kelvin method in the areas near the edges. These areas
correspond to sign changes of the density, on(r = 0).
For the photoemission method of measuring the work
function, conditions (10) and (11) imply that the regis-
tration of electrons must be performed at distances
much greater than the linear dimensions of the sample.
Otherwise, if the photon energy is not sufficiently high,
an electron escaping from the metal does not reach the
“infinity” but may transit from one face into the other.

The surplus charge Q,transferred from one face to

the other (see Eq. (9)) can be roughly estimated with
the help of the standard electrostatic relation

Sg= Q. JA,.
Taking into account that

2
A, = N, 21,

where N, is the number of the surface Wigner-Seitz
cells of the radius r,, we obtain

Qx = 3I’OA/WX6EQ<

The condition Q, > 0 meansthat Q, electrons are trans-
fered from the base faces to the lateral ones. The sur-
face energy per unit area therefore changes by —
W,Q/A, and +W,Q,/2A, at the base and the lateral
sides, respectively. The ratio of these values corre-
sponds to (7). Here, W,Q, is equal to the work needed
to remove Q, electrons from the base side of the metal
sampletoinfinity and W, isthe work function of agiven
sidei. Self-charging of the surface can therefore affect
the surface energy anisotropy of the single crystal. For

example, for an aluminum sample with 8@, = 0.5 eV

and N, = 10, 10%, the respective electronic charges are
Q.=1,10. Itisworth noting that this charge can be very
significant for asmall crystal (cluster) [34]. Therefore,
the elasticity and self-charging effects can play an
important role in explaning the recently observed force
and conductance fluctuationsin stretched metal nanow-
ires[35, 36].

Onthe ground of the above discussion, and owing to
Eq. (11), the properties of a large surface plane of a
deformed metal crystal can be calculated in the stan-
dard manner.

3. THE MODEL OF A UNIFORMLY
DEFORMED METAL

The dependence of the CPD on the uniaxial defor-
mation u,, was measured for polycrystaline stretched
samples [4, 5]. We assume that the deformation is a
measured quantity and the polycrystal is considered as
being assembled of a number of simple crystallites.
Qualitatively, the problem can therefore be reduced to
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the consideration of tension or compression applied to
asingle crystal.

We first express the average electron density in the
metal as a function of the deformation. For this pur-
pose, we consider an undeformed cubic cell of the side
length a, and the volume

Q, = a) = s}, (12)
where r, = Z%r, is the radius of the spherical Wigner—
Seitz cell. For a uniaxially deformed cell elongated or
compressed along the x-axis, we can write

gnabz,

where a, and a, = a, are the sides of the elementary par-
allelogram and a and b are the half-axes of the equiva-
lent prolate or oblate spheroid of revolution around the
x-axis. We also have

ay = a0(1+ uxx)
and q, = a0(:|--|-uzz) = aO(l_VUxx)i

Q=aa = (13)

(14)
where v is the Poisson coefficient for the polycrystal,
and

Q/Qy—1 = Uy + Uy + Uy,
It follows from Egs. (12)—(14) that
a=rygl+u,) and b = ro(1-vu,,). (15)

Similarly, the spacing between the lattice planes per-
pendicular to the y- or z-directionis

du = dO(l_Vuxx)i (16)
where d, is the interplanar spacing in the undeformed

crystal. It then follows from (12)—15) that the average
electron density in the deformed metal is given by

N = NeQ/Q = N[1—(1-2V)u,JOWUS)  (17)
and the corresponding density parameter is
ro = rf1+(1-2v)uy] ™. (18)

Proceeding similarly to the derivation of the equa-
tions for the original stabilized jellium model [25], we
consider a metal assembled from Wigner—Seitz cells.
The average energy per valence electron in the bulk is

€ = g)(N) + &y + W, (19
where thefirst term gives the jellium energy
o 3m 3, _
e = 220 Sk ren)  (0)

consisting of the average kinetic and exchange-correla-
tion energy per electron,

ke = (31PR)"
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The remaining two termsin (19) represent the average
of the repulsive part of the Ashcroft model potential,
the Madelung energy. A small band-structure energy
term [25, 37] in (19) is neglected.

By transforming the ordinary jellium into the stabi-
lized one, the Coulomb interactions were averaged over
the Wigner—Seitz cells, as is usua for an isotropic
medium. The uniaxial strain applied to the crystal
deforms the spherical Wigner—Seitz cells into ellipsoi-
dal ones. This affects the Madelung energy ¢, that now
must be averaged over the volume of the deformed cell.
This energy can be expressed similarly to the gravita-
tional energy of the uniform spheroid [38] as

£,,(M) :% | dQﬁ[—ﬂ+é [ danv)

spheroid spheroid
92 1, 1+p (21)
| "10a2p Y1 270
971
—mr—)arctan p, b>a,

where V(r) is the electrostatic potential inside the uni-

formly charged spheroid, p = +/|1—b%a? determines
the spheroid eccentricity, and the upper/lower case cor-
respondsto aprolate/oblate spheroid, respectively. This
expression has the correct limit

ey(n) — 0.9Z/r, as u,, — 0.

We assume that the shape of ionic coresis not influ-
enced by the deformation and remains spherical; there-
fore,

— 2
Wg = 21100

For the potential difference dv(r) averaged over the
Wigner—Seitz cell [25], we have the same relationship
asthat for the undisturbed crystal:

[Bvlvg = €+ &y + W, (22)
where the electrostatic self-energy of the uniform neg-
ative background inside the spheroid is

.2
8——§8M

(23)

The pseudopotential core radius can be found from
the mechanical equilibrium condition depending on the
mechanical stressinduced in the volume of the cell. To
determine the core radius r., we note that, for the

strained metal, the intrinsic pressure P = —dE/dQ =
n”de/dn in the bulk of ametal sample is compensated
by the pressure exerted by external forces,

P= _(Gxx + ny + Ozz) = _Yuxx(l - 2V)1 (24)
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where g;; are the mechanical stress tensor components
and Y isthe Young modulus.

For a strained metal, the averaged energy per elec-
tron in the bulk is therefore given by

€ = g(N) +¢g, +Wr+ P/N. (25)

For theideal metal, v = 1/2 and P = 0. This means that
the external force changes not the volume but the shape
of acell or asample. In the linear approximation, the
Madelung energy (21) iswell approximated by

SM(ﬁ) — —OQZTI.T Ou-*

Inserting the explicit expressions for (20), (21), and
(24) in (25), we have from the minimum condition that

_ 0 2mpn?® _ 1eny? e
fo = B 15040 "s"gnlan s
1 2yl 8 o 0 =
2/3 2 4 cor 6
t52 Tstgisyr, TosPl

s= sy

where rg, is the equilibrium density parameter of the
strained metal. Here, we assume that the volume of the
spheroid isequal to the volume of the equivalent sphere
of theradiusrg, = 2%y,

Taking into account that

BVThs = Ngh(Ew+ 0e), @)
we obtain for the strained metal at with equilibrium
density
~d ~ . P
BV = —nﬁ[sj(n) + ﬁ}. (28)
Subsequently, similarly to Perdew et al. [25], we can

introduce the face dependence of the stabilization
potential as

TN
BV e = BVl [t + Tl
Thetotal energy of afinite crystal can be written as
the sum of the bulk EP and the surface energy ES, where

E° = vy 4A, +V2A,, (30)
y Yy

with y, and y, being the respective surface energies per
unit area of the latera and base sides. In the unde-
formed state, wherey, =y, =y, = Y, surface energy (30)
changes by

(29)

s _ d
dE® = 4A, 55, + W\;Edu(,B
(31)

dy O
+ 2AX%6(XB + deUGB’
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Table 1. The calculated surface energiesy, the work function W, the strain derivative dy/du,,, and the surface stress t,,, for

elastically deformed Al (rs = 2.06) samples

Metal Face y, erg/cm? W, eV Uy dy/du,,, erg/lcm?| T, erg/lcm? AW, eV
Al (111) 946 4,096 (+) 460 1406 ~0.032
&) 400 1346 +0.033

(100) 1097 3.780 (+) 833 1930 ~0.025

&) 810 1907 +0.016

Note: uy, =+0.03, positive and negative deformations are labeled with (+) or (-). AWisthework function difference. Thevalue of Young's

modulus for Al is 70 GPa[39].

where a and 3 denote directions in the plane of the lat-
eral and base sides and d, is the Kronecker symbol. In
our model, we calculate only

dy
du (32)

TXX = y+

The work function is calculated using the displaced-
profile-change-in-self-consistent-field (DPASCF)
expression instead of Eq. (2).

To discuss our results, it is useful to rewrite Eg. (2)
as

Wface = — Vg —EF, (33)

where
Veff = (p+ ch+ [Bvu‘ace

isthe effective potentid in the bulk giving the total barrier
height at the metal—vacuum interface and v, is the

exchange-corrdation potentid inthebulk (V. = v, (—)).

4. RESULTS AND DISCUSSION

To verify the theory presented in Section 3, we
solved the Kohn—Sham equations for two most densely
packed surfaces of Al represented by the stabilized jel-
l[ium model. In terms of our model, we consider two
regular single crystals of Al such that all their sides are
equivalent in the undeformed state. Under the crystal
deformation, the four side faces remain equivalent to
each other, but not to the two base faces (see figure).
The BVl term included into the effective potential
alows us to generate the face-dependent density pro-
files used in calculating the surface characteristics:
work function, surface energy, and surface stress. All
calculations were carried out for the upper side of the
sample (see figure) assuming the polycrystalline value
of the Poisson coefficient v = 0.36 for elastic properties
of Al [39].

Within the applied range of deformations —0.03 <
U, < +0.03, the changes in surface quantities remain
linear. The positive/negative deformation u,, implies
the tension/compression of the side of the sample, i.e,,
the decrease/increase of the atomic packing density at
this side, and the decrease/increase of the mean elec-
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tron concentration n and the interplanar spacing in the
direction perpendicular to the chosen crystal side. For
better understanding the crystal effects, we have also
performed calculations for the special case of the
“ideal” metal withv = 1/2. In this case, the deformation
does not change n, however, the second term (the cor-
rugation dipole barrier) in the face-dependent potential
(29) is changed.

The results of calculations are summarized in Table 1.
As can be seen, the surface energy increases linearly with
the applied positive deformation u,, and decreases with
the negative one. This meansthat dy/du,, is positive for
either u,, > 0 or u, < 0. Accordingly, Eg. (32) givesthe
values of the surface stress component T,,, larger than
the surface energy. For u,, > O, the surface stress is
somewhat larger than for u,, < 0. We now consider the
“ideal” metal withv = 1/2. It seemsthat the ideal metal
fits better to the classical definition of the surface stress
[19, 20]. Thisisrelated to thefact that in the ideal metal
subjected to deformation, only the surface area is
changed, while the electron concentration in the bulk
remains unchanged.

Calculations performed for the Al (111) surface
yield the respective strain derivatives dy/du,, = 247 and
213 erg/em? for u,, > 0 and u,, < 0. These values are
much smaller than the ones reported in Table 1. In this
case (with v = 1/2), we can also eval uate the other com-
ponents of the surface stress as

1, = T,y = y+dy/du,,.
Inserting

du, = duy, = —vdu,,

we obtain
T, = Ty = Y—2dy/du,, <y.

We can make two observations at this point. First,
the latter result agrees with our estimation (T < V) in
Section 1 and with the results derived on the basis of the
elasticity theory [40], where the T/y ratio expressed in
terms of the Poisson coefficient v isgiven by (3v —1)/(1—
v). For v = 1/2, thisformulagivest/y=1and v < 1/2
for 1/y < 1/2. Second, in order to calculate T, and T,, for
asample stretched along the x-axis, we must use dy/du,,
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Table 2. The calculated change in the effective potential for
elastically deformed surfaces of Al single crystal

Metal Face Uy Avy; , eV
Al (111) (+) —-0.103
&) +0.106

(100) +) —0.064

(&) +0.069

for u, < 0, whereas for a compressed sample, we use
the corresponding value for u, > 0. Thisis because the
tension applied along the x-direction leadsto compress-
ing the sample along the orthogonal (y and 2) axes. The
calculated surface stress for Al(111) isin a very good
agreement with the values resulting from the available
ab initio calculations: 1441 erg/cn? in [15], and
1249 erg/cn?? in [41]. This aso improves the results
obtained for the ordinary jellium [24, 41] and the previous
direct application of the stabilized-jellium modd [13].

The work function decreases linearly with u,,, but
the relative change is less than 1% (see Table ) for the
considered strains. A similar behavior is observed for
v = 1/2. The dominating component leading to a
decrease of W with u,, is a change in the [Bv[] term.
Thus, the change of the work function under the defor-
mation conditions is determined by the competition of
negative changes in the exchange-correlation (v,.) and
the electostatic (¢,) components of the effective poten-
tial v and the positive change in the face-dependent
component [Bvll.. A dominant role is played by the
change of 8 v, whilethe changein the Fermi energy
is negligibly small. An overall decrease/increase of the
work function W is determined by a positive/negative
shift of the electrostatic potential in the metal interior.

The calculated change of the work function with
strain seems to contradict the experimental results [3—
6] where the work function was found to
increase/decrease with the elongation/compression of
the sample. This conclusion was based on the analysis
of the measured CPD [3—7, 9, 27]. In what follows, we
demonstrate that this contradiction is spurious. The
point is that the measurement by the Kelvin method
fixes the change of the surface potential. The experi-
mental observations can therefore be explained not as
the change of the work function but asthe change of the
effective potential v upon deformation. The Kelvin
method gives the value of the potential difference at the
surface of a sample, which can be defined as the posi-
tion of the image plane z = 7, [26]. In distinction to the
work function, to which Bv[]. contributes directly
(Eqg. (2)), a the image-plane position located outside
the geometric surface, the effective potential feels the
change in B vl by means of the self-consistent pro-
cedure for solving the Kohn—Sham equations (even
though B V[l is nonzero inside the sample only). The
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calculations performed for Al(111) demonstrate that
the ratio of the effective potential differences Avy of
the strained (u,, = £0.03) and strain-free samples at the
surface and in the bulk is

Av (2= 2,)/AV 4 =0.8.

Here, v denotes the respective difference in the metal
bulk.

The results for Avg(z, : Uy) are shown in Table 2.
The potential difference outside the sample is more
negative as the deformation increases. The calculated
changesin the effective potential have the same sign as
the CPD measured for Al. For apolycrystalline Al sam-
ple subject to the deformation with u,, = 0.03, the CPD
amounts to —0.025 + 0.002 V [5]. Because a polycrys-
talline sample can be considered as being assembled
from arbitrarily oriented single crystals, the values
obtained by us must be averaged in order to compare
them with experiment. Thus, both the experiment and
the calculations give a negative change of the surface
potential,

CPD = Avg(z = z,) <0.

For the conventional method of measuring the work
function changes upon strain [4, 5, 9], thisimplies that

W(uy) = W(0) — CPD(uy) >W(0),

i.e., thework function increases for atensed sample. In
general, therefore, our results agree with the indepen-
dent experiments for both stretched [4—6] and com-
pressed [1, 3] metal samples. The results for Avg(Uy,)
correspond to adirect observation of the stress-induced
shift in the measured contact potential: the effective
potential outside the open faces of the sample is more
negative/positive when tensile/compressive force is
applied. However, unlike the effective potential at the
surface, the value of the potential in the metal bulk is
more positive/negative for an expanded/compressed
sample because of the different effect of the Bvlle
term. Thus, for the Al sample, the work function change
vs. strain shows the opposite trend compared to that of
the contact potential (the behavior of which also differs
from that predicted by non self-consistent calculations
[27]). Accordingly, the results in Table 1 demonstrate
that the work function decreases with uy. In other
words, our results show that the measurements by the
Kelvin method give not the variation of the work func-
tion upon strain but the variation of the surface poten-
tial.

In summary, the stabilized-jellium model has been
extended to encompass the elastic strain effects on sur-
face properties of smple metals. By imposing a uniax-
ia strain to the metal surface and limiting ourselvesto
linear terms in the deformation, we have obtained a
realistic description of the strain dependence of surface
guantities: surface energy, surface stress, and work
function. We have presented a consistent explanation of
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experiments on the stress-induced contact potential dif-
ference at metal surfaces.
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