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A variational calculation of the face-dependent work function with pseu-
dopotential corrections employed has been performed. Critical analysis of the
comparison between the calculated work function values and the experimen-
tal polycrystalline data is also given. The polycrystalline work function data
may be treated as the mean low-index work function values and compared
with the ones calculated. The use of the simple variational method and the
Ashcroft pseudopotential for the description of metallic ions leads to good
agreement between theory and experiment, and also enables to explain the
increasing or decreasing tendency of work function values in different series
of the simple metals.

PACS numbers: 73.30.1y, 73.20.—r

1. Introduction

In the last two decades there appeared several theoretical studies of surface
properties, starting with the pioneering calculations by Lang and Kohn [1, 2]
improved later by Perdew and co-workers [4-8]. Also the ab initio calculations of
surface properties were performed [3]. Since the ab initio calculations [3] do not
give the possibility of a physical interpretation of different contributions to work
function (WF) we decided to focus here our attention on the jellium [l, 2] and
pseudopotential-model treatments [4-8] of this quantity. The main objective of
the present study is a critical comparison of polycrystalline and face-dependent
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experimental work function data of simple metals with the calculated values, and
the analysis of the observed discrepancies.

We present also a variational calculation of WF which complements the
previous ones. We take into account the difference of the potential δv (r) between
the pseudopotential of a lattice of ions and the electrostatic potential of the jellium
positive background.

The work function is a most fundamental electronic property of a metal-
lic surface and its  determination is of great importance in the understanding of
a wide range of surface phenomena. A series of review papers have been pub-
lished, devoted both to experimental and theoretical aspects of WF. In 1949 an
excellent article was published by Herring and Nichols [9], which reviewed the
thermionic emission method of WF measurements. More recent techniques of WF
measurement are briefly described by Agura and Murata [10]. The general aspects
of experimental and theoretical problems connected with WF are given in several
reviews [11-13]. Fomenko and Podchernayeva [14] tabulated measured WF data
for many elements and compounds, and recommended selected values. The compi-
lation of selected WF data, mainly derived from measurements on polycrystalline
samples, were listed by Michaelson [15].

In the case of some metals the polycrystalline WF data given by Michaelson
[15] differ considerably from those recommended by Fomenko and Podchernayeva
[14], and as a rule the former ones are greater than the latter. In this situation we
decide to give (in Tables II and III) both WF data recommended by those authors.

The paper is organized as follows. Section 2 is devoted to a brief review
of the work function theory, based on the jellium model and on the Ashcroft
pseudopotential and gives original separation of pure jellium part of the work
function. In Sec. 3 we discuss the so-called polycrystalline or total WF measured
experimentally and its relation to the quantity determined theoretically which may
be compared with the former one. A discussion of the existing face-dependent WF
data of simple metals is also given in this section. Section 4 presents results of
our variational calculations employing the averaged pseudopotential contribution
to WF. Section 5 contains a summary and discussion of the collected results. Our
conclusions are given in Sec. 6.

2. Brief outline of work function theory

2.1. Jellium part of work function

Treating the semi-infinite metal as the ions smeared into a positive back-
ground (jellium) the work function may be expressed as follows [2, 31:
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εc(ń) is the correlation energy and [33] ń = 4/370 = 3/4πr3.
The expression (2.1) depends only on the mean electron density W. The

density functional theory, first applied to surface by Lang and Kohn [2, 3], allows
to find self-consistent potentials and electron density profile n(x) at the surface for
simple metals within the jellium model and local density approximation (LDA).
Having n(x) one can calculate from Eq. (2.1) the jellium part of work function you .

The self-consistent calculations of you done by Lang and Kohn as a func-
tion of the density parameters rs are presented in Fig. 1 by dotted line. These

Fig. 1. Comparison of the flat work function values (continuous lines) and present
results (triangles) with the experimental polycrystalline data (crosses).

calculations are based, however, on LDA and give the exponential decay of the
exchange-correlation potential outside the jellium surface, instead of the correct
asymptotics of the classical image-like potential [16].

Comparing experimental values of work function with „p„ one can conclude
that the theoretical values of the jellium part of work function are in agreement
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with the experimental values only qualitatively and some corrections to the simple
jellium calculations are needed in order to obtain a better agreement.

2.2. Work function of the "real" metal bounded by the flat surface
The jellium model is unstable, it gives negative surface energy (for r$ < 2)

and bulk modulus (for rs > 5). To rectify these deficiencies Lang and Kohn [2]
reintroduced δv(r), the difference between the pseudopotentials of the semi-infinite
lattice of ions and the electrostatic potential of the semi-infinite uniform positive
background, as a first-order perturbation. The average values of this difference
(δv(r))av between pseudopotentials of the semi-infinite uniform positive back-
ground are often a large fraction of the free-electron Fermi energy and cannot
be treated perturbatively. Monnier and Perdew [4] have proposed, therefore to
calculate the difference potential δv(r) variationally.

In order to introduce the average pseudopotential contribution let us write
the expression for the work function in the form

is the average (bulk) pseudopotential contribution, r c being the core radius in
Ashcroft's pseudopotential.

In Eq. (2.3), n ft(x) denotes the electron density profile of semi-infinite jellium.
In other words, nfl(x) denotes the electron density profile of semi-infinite jellium
bounded by the uncorrugate flat surface.

The bulk contribution (δv)av to the average of δv(r) over the volume of
the semi-infinite crystal may be calculated [4, 8] assuming that the Wigner—Seitz
polyhedrals can be replaced by the spheres of the radius r 0 = z1/3rs and accepting
the Ashcroft [17, 18] empty-core pseudopotential w(r) for the interaction between
an ion of charge z:

•Atomic units (a.u.) are used unless otherwise stated.
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From Eqs. (2.5) and (2.6) it is seen that (δv)av contains both bulk and surface
contributions, which can be separated as follows. Let us divide the bulk metal into
neutral Wigner—Seitz cells drawn around each ion. For one such a cell let δ vWS(r)
be the sum of the pseudopotential from the ion in this cell and the electrostatic
potential of the uniform electronic density contained within it. With the convention
that δvws(r) from this cell vanishes far outside it, we find [4]

As we see the (δvws)av  is the bulk contribution to (δv)av .
Under these assumptions the sum of repulsive part of pseudopotential, the

average (electrostatic) energy of collection of point ions embedded in a uniform
negative background of density n , and the electrostatic self-energy of this back-
ground in the sphere of radius r0 are given by Eq. (2.8).

In conclusion one can say that subtracting from the jellium energy functional
the electrostatic self-repulsion energy of positive background and adding the in-
teraction between the electrons and potential δv(r) transforms approximately the
jellium to the real metal [8].

In this approximation the real-metal model total energy, as a functional of
electron density is

where Ni el' is the standard energy functional for the jellium, εM = —9z/10r0 is the
Madelung energy, wR is given by Eq. (2.5) and θ(r) = 1 inside the metal and 0
outside.

We see therefore that the transformation of the jellium-model to the pseudo-
potential-model, which simulates a real metal, leads to the dependence of the
face-independent part of work function on the individual metal specificity repre-
sented in the above picture of metal by the core radius r, of the Ashcroft pseu-
dopotential, usually fitted to some measured properties.

It is to be noted that now we have used average δ v(r) value over the
Wigner—Seitz cell and confined the semi-infinite metal to the region x < 0, there-
fore work function is given by the following expression [8]:
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2.3. Face-dependent part of work function

The work function of a real metal is strongly face-dependent and may be
written in the form

where φfl is the face-independent and b pi face-dependent part of work function.
The face-dependent part δφi in the case of the semi-infinite metal may be

written in the form

where Di1cl is the contribution to the surface dipole barrier that arises from the
distortion of Wigner—Seitz cells which occurs in the classical cleavage under stress,
and ni(x) is the electron charge distribution which arises from the subsequent
relaxation of the electron density [4].

Since the charge neutrality condition, both for the semi-infinite jellium and
for the semi-infinite real metal, has to be satisfied and because the main contri-
bution to the value of the integral in (2.13) comes from the surface region where
the Friedel oscillations are great, one can state that this integral is small and
approximately write

and employing Eqs. (2.7) and (2.8) one obtains

TABLE I
Values of the factor F in Eq. (2.16)a.
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From Table I, where the values of the factor F are given, we see that

Therefore we arrive at the final conclusion that

3. Polycrystalline and face-dependent work function

In experiment we have three "kinds" of work function: (i) the mean or poly-
crystalline work function φp obtained from measurement of polycrystalline sam-
ples, (ii) the so-called total work function φT, determined by measurements of the
total thermoemission current or the field emission current from a single-crystal
tip, and (iii) the φhki = (pi, measured for a particular crystal i-th face with Miller
indices (hkl) = i.

The polycrystalline surface may be treated as a composition of patches
[6, 9, 19] each patch being a certain cleavage plane of crystals and the φp  may be
interpreted as an average of the work function of all exposed patches

where (pi is the work function of cleavage corresponding to the i-th patch, and fi

is its weight.

More accurate definition of weights f was given by Sahni et al. [6].
When the surface of a sample of given metal is clean enough, and the exper-

iment is performed in the ultrahigh vacuum, measurements of φp and φT, within
the limits of the experimental accuracy, give the same value [13]. Therefore, prac-
tically φp = φ T.

However, the comparison of φp with work function calculated theoretically
is not simple at least from the point of view of the thermodynamics of a crystal
growth, according to which the equilibrium shape of a crystal is governed by the
Wulf theorem. On the polycrystalline surface mainly taken as a fraction (of the
total considered), the low-index crystal faces are exposed, which have a greater
surface energy than the high-index crystal faces. Therefore, for the comparison of
the theoretical calculations with the experimental data, it seems appropriate to
compare φp with the mean value of the work functions calculated theoretically for
the three lowest-index crystal faces.



882 K.F. Wojciechowski,H.Bogdanów

TABLE II
Calculated face-dependent and polycrystalline work functions (eV)
of monovalent simple metals.
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From the said above it follows that face-dependent WF may be represented
by a sum

where φfl is the face-independent part of work function and δφi is face-dependent
part of work function.

According to Eqs. (9.20) and (9.21) the mean work function of a polycrys-
talline surface is

In the case of metals one can suppose that the (111), (100) and (110) faces
all have essentially the same surface energy [20] and therefore A111 =A100= A110
which, in connection with the said above, leads to the following approximate ex-
pression for average WF:

giving the work function value that may be compared with the experimental poly-
crystalline data (sop).

The theoretically calculated, from Eq. (3.3), face-dependent values of work
function can be directly compared with the experimental data of <p i but the latter,
for clean metallic single-crystals, are very poor and uncertain (e.g. in the case of
alkali metals). From the midst of simple metals, the face-dependent experimental
data of work function only for low-index aluminium crystal-faces are available
but they differ between each other in the trend of increasing of their values (see
Table III). The trend of Eastman and Mee's [21] values is consistent with the
argumentation given by Smoluchowski [22], while the trend of Grepstad et al. [23]
values is in complete disagreement with these arguments.

For alkali metals there is lack of measured values of <p i from a single-crystal
because of great difficulties in preparation of such samples. However, investiga-
tions of the epitaxial growth of these metals on tungsten have shown [24] that
monolayers of alkali metals formed on a single-crystal of tungsten have the same
structure as the corresponding faces of a single-crystal of alkali metal. From the
analysis of the experimental data [25] it follows that for sodium and potassium
φ110 > φ110 > φ111, which is in agreement with the Smoluchowski rule. For cesium

adsorbed on tungsten, this trend is very weak [26] and the average nearest-neighbor
distance in the cesium-metal (fcc and bcc) monolayers equals 4.92 Å  for the sat-
uration coverage, whereas in the bulk metal this distance amounts to 5.25 Å  [10].
From this fact it follows that cesium monolayers form densely packed hexagonal (or
quasi-hexagonal) lattices (irrespective of the symmetry of the substrates) which do
not appear in the bulk cesium. Therefore the mean work function (N 1.9 ÷ 2 eV)
measured for cesium monolayers on metals cannot be referred to the work function
value of any low-index crystal face of bulk cesium.
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TABLE III
Face-dependent and polycrystalline work functions (eV) of divalent and poly-
valent simple metals.
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4. Jellium with pseudopotential: variational calculation
of work function for low-index crystal planes

Perdew et al. [8] introduce the mentioned in Sec. 2 transformation of jellium
to real metal and assume also the determination of the Ashcroft core radius r, of
Eq. (2.6) from the bulk stability condition. They name their model: the stabilized
jellium. So in stabilized jellium, when 'n is the equilibrium density, the "core radius"
r, is determined unequivocally by this density, i.e. by the density parameter r s (see
eq. (26) of Ref. [8]). This assumption makes that the theory dependent only on
one input parameter rs and the physical quantities involved become continuous
functions of this parameter. In the Ashcroft empty-core pseudopotential theory,
however, the core radius r, is fitted to some measured bulk physical properties
of individual metal and therefore its particular value characterizes this individual
metal.

The experimental polycrystalline WF is discrete function of the average
valence-electron density. Therefore, in order to compare experimental φp  data
with theory we do not assume that r, can be determined as a continuous function
of rs such as in the stabilized jellium model [8], but we take the rc, values de-
termined for particular metals as in the pseudopotential theory [18], and employ
Eq. (2.16) for δWi and Eq. (2.2) for Wft. The core radii r, are collected in Table IV.

WF may be evaluated from the displaced-profile change-in-self-consistent-
field expression [5] in the form [8]

is the electrostatic potential and ts(n) +εxc(n) is the sum of the average kinetic
and exchange-correlation energy per valence electron.

For n(x) we employ a simple, Perdew's analytical model [29] in the form [8]

where -y is the variational parameter and

is the bulk Thomas—Fermi screening wave vector.
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TABLE IV
The properties of simple metals: the valence z, the density
parameter rs and Ashcroft radius rc

The parameter γ is chosen to minimize the surface energy o, which for n(x)
given by Eq. (3.18) may be written as follows [8]:

The values of the constants acs , a 0 , . . . aps , b0 , b1, b2 , a and ,Q appearing
in Eqs. (4.3), (4.5) and (4.6), are given in Table III of Ref. [8]. The correlation
constant ac (n) is given by Eq. (44) of Ref. [8].

The variational computations of n(x) and WF were performed both for the
low-index crystal planes and for the flat surface. In the latter case we omit in the
calculations the term Dcl that appears in Eqs. (4.6) and (4.1). The corresponding
values of parameter γ which minimizes o given by Eq. (4.5), are presented in
Table V.
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TABLE V
Values of the variational parameter γ as determined from the mini-
mum of the surface energy condition for rc values given in bohrs in
parenthesis.

5. Relation between theory and experiment

The calculated in Sec. 4 values of (pi and φfl are collected in Tables II
and III together with the experimental data of work function measurements for
simple metals. The related (φi) values, calculated from Eq. (2.5), are shown in
Fig. 2, together with experimental data. Figure 1 represents a comparison between
flat-surface calculations and the experimental data.

In Figure 1 the jellium part of work function calculated variationally [8] is
represented by dotted line. Dashed and full lines represent the variational [8] and
self-consistent [27] calculations for the flat surface of the stabilized jellium respec-
tively. From this figure we observe that calculations done in the framework of
stabilized jellium give lower values of work function for larger r s and greater ones
for the density parameter r$ less than its jellium values. Generally, this result is
in agreement with experimental observation, however for Li, Na and for divalent
metals: Ca, Sr, and Ba, the jellium model gives a better agreement with experi-
mental data than the calculations for flat surface performed in the framework of
the stabilized jellium model. This disagreement appears probably from the fact
that in the stabilized jellium model the core radius r, is determined from the bulk
stability condition and becomes a continuous function of the density parameter
rs . As it was mentioned in Sec. 4 the Ashcroft empty-core radius r, in the pseu-
dopotential theory is fitted to some measured properties of individual metal and
therefore its particular value characterizes this individual metal.

In order to check what results from the flat metal model described in Sec. 2.2
we calculated in the previous section the flat work function values rejecting of
the assumption of stabilized jellium model that rc = f (rs).Such calculations
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Fig. 2. Comparison of values of the calculated work function and experimental poly-
crystalline data (crosses).

give results presented in Fig. 1 by triangles. The latter results show that the
introduction of the average pseudopotential contribution to the work function
calculations gives the best agreement with experiment from among the considered
models. The last model for K, Rb and Cs gives a lower work function than the
one calculated in the framework of jellium model and greater one for Al, Pb and
Mg. Moreover, it gives a consistent trend of the observed work functions of Al,
Pb and Mg. The trend of the calculated work functions of Ca, Li, Sr, Ba and Na
is also better than that resulting from the jellium model and especially from the
stabilized jellium model.

In Fig. 2 the mean work function values calculated are compared with the
polycrystalline data. It may be seen from this figure that our calculations give quite
a good agreement with those data. In the case of Na, K, Rb and Cs agreement is
even better than for the self-consistent calculations done in the framework of the
stabilized jellium model. This result shows that the mean surface contribution to
work function generally lowers the jellium work function for fcc and bcc metals
and raises it for hcp metals.
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6. Conclusions

A comparison between the calculated mean values of the work function of
the three low-index faces (100), (110) and (111) and the measured polyvalent work
function values shows quite a good agreement between theory and experiment. The
present calculations prove that the agreement can be even better in some cases if
one gives up the assumption of the stabilized jellium that the core radius r, may
be determined from the bulk stability condition. On the basis of the calculations
performed and analysis of the results obtained it can be concluded that the jel-
lium model, complemented by crystallographic orientation-dependent corrections
employing the Ashcroft pseudopotential, yields a good physical background of the
respective contributions to the work function.
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