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Electronic work-function calculations of polycrystalline metal surfaces revisited
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A brief comparison of methods used to calculate the electronic work function of polycrystalline metal
surfaces is presented. We show that theab initio methods are unable to give values in acceptable agreement
with experiments, whereas simple models based on the free-electron gas approach and classical electrodynam-
ics work well, even in complicated electronic systems like transition metals, lanthanides, or actinides. This
observation is made on the basis of previously published computations by the authors and new results for
lanthanides and actinides. Surface valence transitions from trivalent to divalent for Sm and Tm are indicated.
Heavy actinides work functions are presented. The results are compared with available experimental and
theoretical values, and an attempt to address the reasons forab initio failure is undertaken on the basis of a
concept of quantum decoherence.
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I. INTRODUCTION

The work function~WF! is a fundamental property of
metallic surface. Not surprisingly, then, numerous attem
have been made in the last decades to calculate the valu
WF and/or surface energy which agree with accepted exp
mental values. Let us first briefly discuss some of the m
important approaches to modeling the work function do
during the last 30 years.

In the fundamental paper by Lang and Kohn1 the metal
was modeled by use of a uniform background charge ins
of the lattice of ions, with exchange and correlation effe
included self-consistently. Relative agreement with exp
mental data was obtained for simple metals only~9 of 14
calculated!. Mehrorta and Mahanty2 used the hydrodynamic
model of Bloch as well as the Tomas-Fermi approximat
to calculate the WF for 26 metals, with very poor agreeme
A purely electrostatic approach was done by Weinert a
Watson3 who used the so-called Mattheiss construct ba
on the overlapping spherical atomic charge-density appr
mation, and a chemical potential taken from literature,
calculate the WF for 30 metals for which experimental v
ues were known~and also for H and Tc!. Utreras-Diaz4 per-
formed WF calculations on the basis of the Thomas-Fer
Von Weizsacker approach by solving the Euler equation
a slab geometry for jellium~five alkali metals! and
pseudojellium~four metals!. Satisfactory agreement was o
tained using the pseudojellium model, but only for four
kali metals. Later the jellium WF was calculated as a fun
tion of electron density parameter by Perdew and Wa5

within the local-density approximation for~i! electron-gas
exchange correlation and~ii ! exchange only. Their WF(r s)
function for both models peaks atr s52, while for higher
densities it decreases, which is not observed in the real w
and has to be considered an artifact. In the jellium stabili
by a structureless potential model, introduced by Perd
Tran, and Smith,6 the WF depends on the electron-dens
parameterr s only. The electron-density parameter is the
dius, in atomic units, of a sphere containing a single f
electron @see Eq. ~5!#. The WF was calculated for five
0163-1829/2001/64~4!/045101~8!/$20.00 64 0451
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monovalent metals, for seven divalent/polyvalent metals,
for H. Surface energies too small by 25% and work functio
too large by approximately 15%, relative to experime
were obtained by Shore and Rose7 in the framework of their
‘‘theory of an ideal metal.’’ They noticed that jellium mode
are unable to predict the surface energy and WF of me
because jellium is not in mechanical equilibrium. Pseudo
lium works better, but requires external forces to maint
equilibrium. By ‘‘cleaving’’ the electron gas the need fo
external forces was removed by Shore and Rose, and
parameters beyond the average electron densityr s were in-
troduced. Numerical results for particular metals were
included in this paper, but from their Fig. 3 it may be se
that the WF’s calculated for the low and medium electr
density metals are approximately 0.3 eV above the exp
mental values. The surface energy peaks atr s51.6 a.u. and
falls down for higher densities, which is an unphysical ar
fact of the same nature as in Ref. 5. The most complete w
was done by Skriver and Rosengaard,8 who employed the
Green’s-function technique based on the linear muffin-tin
bitals~LMTO! with tight-binding and atomic sphere approx
mations, to calculate WF’s and surface energies of 42 me
Their agreement within 15% with experimental data enco
aged authors to claim that the ‘‘ab initio calculations have
reached a stage where they may form the most consis
basis for a physical description of surface phenomen
Good agreement with experimental values was actually
tained for monovalent, divalent, and trivalent nontransiti
metals. However, for 3d, 4d, and 5d metals, the WF’s were
substantially too high, with the result that overall agreem
was actually among the worst discussed here. The f
potential LMTO was applied also by Methfessel9 for WF
calculations of seven-layer slabs of nine 4d transition metals,
yielding very good agreement with experimental values. R
cently, more attempts were made to derive the WF’s fr
thin-slab or jellium slab calculation, taking into account t
quantum size effects. Thin-slab calculation done
Wojciechowski10 ~for Li and Al only! shows very good
agreement with experimental values, and seems to be
promising. Fall, Bingelli, and Baldereschi11 also derived the
©2001 The American Physical Society01-1
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DURAKIEWICZ, HALAS, ARKO, JOYCE, AND MOORE PHYSICAL REVIEW B64 045101
WF from thin-slab calculations for Al~only! but 10% too
high. Numerous other attempts to calculate WF for one
two metals are not discussed here.

It was shown12,13 on alkali and transition metals, thatab
initio methods are unable to yield values of work functi
and/or surface energy in agreement with experiments. Du
these limitations, a return to classical electrodynamics w
proposed by Brodie14 and Halas and Durakiewicz13 ~HD
models!. In this paper, the HD~Ref. 13! and HD free-
electron gas~HDFE! ~this work! models are compared wit
ten ab initio models of WF calculation and are proven
give the best agreement of calculated WF values with exp
ment. We also present similar discussion for lanthanides
actinides, not calculated so far by HD models.

Experimental values of WF for lanthanides are limite
The most frequently cited compilation is by Michaelson15 in
which one finds, among others, WF values for eight la
thanides and Ba. Another compilation is given in a book
Kultashev and Rozkhov,16 who give recommended WF ex
perimental values for 12 lanthanides. Except for Yb and P
all our experimental WF’s for the lanthanides were tak
from these two sources. Malov, Onishchenko, a
Mironkova17 measured the WF’s for 16 lanthanides, usi
the contact potential difference method~CPD! for both clean
surfaces in nitrogen, as well as after 15 h exposure to
While they claim that their values on the clean surfaces
the best obtained so far because of lack of oxidation, th
values for Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu show only
minor difference between ‘‘oxidized’’ and ‘‘unoxidized’
surfaces, and are shifted below other theoretical or meas
values by approximately 0.5 eV. This indicates that their W
values are most probably biased by a systematic error of
order of 0.5 eV, and are therefore not discussed here.

A detailed theoretical study of rare-earth metals includ
surface energy and WF calculations was performed mos
cently by Aldén, Johansson, and Skriver.18 They applied
the Green’s-function technique within the tight-binding li
ear muffin-tin orbitals method~LMTO!. The calculated sur-
face energies showed approximately 10% mean excess
experimental values. WF values, calculated for 15 lanthan
metals and Ba, were compared to six experimental va
from Michaelson.15 Sm and Tb experimental data publish
by Michaelson were not indicated in Ref. 18, in spite of t
fact that theoretical values were given. The difference
tween theory in Ref. 18 and experiment15 for these two met-
als were 0.47 eV~15%! and 0.29 eV~9%!, respectively.
Below we show that the results obtained by HDFE are
better agreement with experimental data than LMTO.

Bulk physical and electronic properties of actinides we
studied theoretically most recently byab initio self-
consistent methods. Electron-phonon coupling was inve
gated by Skriveret al. for eight elements.19 Thermal expan-
sion for five actinide elements,20 phase diagram for Np,21 and
structural properties of Pu~Ref. 22! were calculated by
Söderlind’s group. Atomic volumes for Fr, Ra, and six lig
actinides,23 electronic and phonon properties of six phases
Pu,24 and atomic volumes for light actinides,25 were calcu-
lated by groups led by Vitos, Wallace, and Jones, resp
tively. However, no WF values were calculated in abov
04510
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mentioned papers. Electronic structure and WF for the~111!
and ~100! surfaces ofd-Pu were calculated by Haoet al.26

The same authors calculated the electronic structure and
for g-uranium.27 Kollar, Vitos, and Skriver28 calculated the
surface energy and WF for Fr, Ra, and six light actinides
this manuscript we show, among other results, that HD
predicts WF values for light actinides similar to~within a
few percent! either experiments or LMTO and FLMTO com
putations.

II. BRODIE’S AND HD METHODS

The ‘‘return’’ to the classical electrostatic image-potent
approach to the work function was proposed by Brodie14 as
an alternative toab initio methods. He expressed the wo
function of the polycrystalline metallic surface in terms
the atomic radius, Fermi energy, and effective mass of e
tron. Brodie’s model, in spite of its simplicity, produced r
sults in very good agreement with experimental data.
approach was therefore used by numerous researche
spite of its phenomenological character.10,29–39Some draw-
backs of Brodie’s model were overcome by Halas a
Durakiewicz13 who proposed the use of the length of spo
taneous polarization of the electron gas at the Fermi leve
calculate the distanced at which the image force begins t
act~HD!. Polarization requires energy, which in the case o
gaseous plasma is derived from thermal energykT/2. In the
case of electron gas, the polarization energy would be
rived from the kinetic energy of the outgoing electron, t
maximum value of which at 0 K is, by definition, equal to
the Fermi energy. The distanced may be therefore seen a
the distance at which the outgoing electron loses all the
netic energy to polarization. By analog to the plasma sit
tion, we assume that atd the mother ion is completely
screened. If screening was incomplete, our calculated
values would have been much higher. Such significan
larger values of WF do not contribute to the work functio
measured by means of thermionic or field emission, and o
slightly influence values obtained by Kelvin probes. Than
to this new idea, it was possible to get rid of both the effe
tive mass and uncertainty principle. Effective mass is
only a troublesome parameter, the value of which is dir
tionally dependent, but also it might be used to artificia
adjust the theoretical predictions to experimental resu
Also, we view as a success the bypassing of the uncerta
principle, since the choice of the right form of it was n
clear in Brodie’s approach. The WF’s in HD~Ref. 13! are
calculated for 53 elements for which experimental values
known, using the formula

w5
43.46a

r s
3/2EF

1/2, ~1!

wherea is a parameter equal to 0.86 for alkali metals, Ca,
Ba, Ra, Tl, lanthanides, and actinides, and equal to 1 for
other metals. The Fermi energyEF may be either taken from
literature ~from ab initio methods! or calculated by a free-
electron gas model:
1-2
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ELECTRONIC WORK-FUNCTION CALCULATIONS OF . . . PHYSICAL REVIEW B 64 045101
EF5
h2

8m S 3

p
nD 2/3

, ~2!

wheren53/4pr s
3, or for practical calculations,

EF550.03r s
22, ~3!

whereEF is in eV andr s in atomic units. The work function
in the HD free-electron gas~HDFE! may now be expresse
as

w56.15ar s
21/2. ~4!

The density parameter in both HD and HDFE is simply c
culated from bulk properties:

r s51.3882a0S A

zr D 1/3

, ~5!

whereA is atomic mass,z is valence~discussed below for
lanthanides and actinides!, r is density in g/cm3, and a0 is
Bohr’s radius in Å.

In Brodie’s original work, image force is calculated wit
respect to an individual conducting sphere, whereas a
surface is considered in both HD and HDFE. We submit t
our assumption of a plane is of the same order of simp
cation as the one used by Brodie, since the real surface
ometry can neither be described as an array of individ
conducting spheres~Brodie actually performs calculation
for a single sphere!, nor as a flat surface. We point out tha
to our knowledge, the classic image potential problem w
never analytically solved for anything more complicated th
a plane surface or set of plane surfaces, or a sphere. It ha
been attempted to calculate the work done against the im
force even for the case of a surface of electrically connec
conducting spheres, much less the real surface.

As it was shown by Wojciechowski,35 Brodie’s method is
capable of accounting for crystal-face-dependent variatio
WF. Wojciechowski did also show that HD formalism do
an even better job in accounting for this kind of effect.39 For
this reason, we do not intend to present the face-depend
problem in this paper.

HDFE calculations were performed for 67 metals. T
advantage of HDFE over HD is that no fractional valenc
and no data fromab initio calculations are used in HDFE
These extensions of Brodie’s ideas, namely HD and HD
produce WF values in best agreement with experiment fo
large number of metals~more than 15!. Recall that most
calculations can succeed for particular metals, but fail wh
extended to a large number.

SinceEF values for lanthanides were not available to t
authors, the HDFE method was used. The choice of vale
for lanthanides was performed on the basis of experime
and theoretical results. Open 4f shells make lanthanide
unique in that the localized 4f orbitals do not contribute to
bonding, and the chemical properties are similar amo
members of the group. This electronic structure makes
choice of surface valence a nontrivial task. Two 6s electrons
are responsible for the divalent character of the gas ph
but most of lanthanides are trivalent in solid-state form.
this form there may exist differences in electronic propert
04510
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between surface and bulk. From XPS spectra it was fo
that a surface core-level shift exists for Sm, which effect w
primarily interpreted as a mixed-valence bulk property.40 It
was also proposed that samarium is trivalent in bulk a
divalent at the surface.41–43 A divalent Sm surface was ob
served by photoemission study performed on SmSn3 by the
authors, based on oxygen dosing experiments. The same
lence change from trivalent bulk to divalent surface was
served and theoretically supported for Tm.43,44Since the WF
is a surface property, a valence of 2 was used here for b
Sm and Tm. Pr and Nd are recognized as trivalent.42,43,45It
should be noted, however, that much better agreement
experimental values is obtained if a divalent surface is
sumed for Pr and Nd~see Table I!. A divalent surface might
be suggested, but due to the lack of theoretical prediction
experimental observations known to authors, both valen
are used for WF calculation for Pr and Nd in Table I. N
experimental data are available for Pm so trivalent confi
ration was assumed for this metal. A valence of 2 for bo
bulk and surface is widely accepted and was used for Ba,
and Yb.18,46 Other lanthanides are assumed to be trival
both in the bulk and at the surface. Actinide valencies w
taken from Refs. 45 and 47.

III. RESULTS

Results of HD calculations for alkali and transition meta
are published in Refs. 12 and 13. HDFE calculations
these metals were performed on the basis of data publis
there. Table I summarizes the input and output data used
HDFE calculation and comparison of WF’s for lanthanide
HD and HDFE results for actinides as well as compariso
are displayed in Table II. In order to compare the accorda
of modeling with the real world, a calculation of normalize
deviation was performed for 12 models discussed above

s5
1

n (
i 51

n

ABS~WFi
calc2WFi

exp!, ~6!

wheren is the number of metals for which a WF was calc
lated. Experimental~accepted! values for polycrystalline sur-
faces were taken from Refs. 15 and 26. A mean value
different faces was taken if authors calculated each of
faces separately. The normalized deviation calculated
way does not diminish with increasing number of sampl
therefore giving equal chances to all models, whatever
number of metals calculated. The absolute value of the
ference is used because in some cases a portion of the
culated values is below and another portion above exp
mental values. As may be seen from Fig. 1, a majority of
ab initio models gives results worse than HD or HDFE. Th
trend is indicated by line A in Fig. 1.

Results of lanthanides WF’s calculations by HDF
method and comparison with LMTO and experimental v
ues are shown in Fig. 2. WF results by HDFE for Pr and
are indicated for divalent~solid line! and trivalent~dotted
line! configurations. Grouping lanthanides according to v
lence may be seen in Fig. 3, where the work function, a
function of density, is shown. Pr and Nd are again indica
1-3
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TABLE I. Input and output values used in WF calculations by HDFE and results from litera
Underlined5rejected; s: surface; b: bulk, HDFE: this work; LMTO: Ref. 18.

Element A r ~g cm21! Z
r s

(a0)
EF

~eV!

w ~eV!

HDFE LMTO Expt. ~Ref. 15! Expt. ~Ref. 16!

Ba 137.3 3.51 2 3.74 3.58 2.73 2.19 2.7
La 138.9 6.70 3 2.64 7.16 3.25 3.06 3.5 2.96
Ce 140.1 6.78 3 2.64 7.17 3.24 3.26 2.9 2.97
Pr 140.9 6.77 2s 3.03 5.45 3.04 2.96

3b 2.65 7.14 3.25 3.11
Nd 144.2 7.00 2s 3.02 5.48 3.04 3.2 3

3b 2.64 7.19 3.25 3.09
Pm 145.0 6.48 3 2.71 6.80 3.21 3.09
Sm 150.4 7.54 2s 2.99 5.60 3.06 2.7 2.85

3b 2.61 7.34 3.27 3.17
Eu 152.0 5.26 2 3.38 4.38 2.87 2.35 2.5
Gd 157.3 7.89 3 2.61 7.34 3.27 3.22 3.1 3.17
Tb 158.9 8.27 3 2.58 7.53 3.29 3.29 3.0 3.15
Dy 162.5 8.54 3 2.57 7.58 3.30 3.31 3.25
Ho 164.9 8.80 3 2.56 7.65 3.30 3.37 3.22
Er 167.3 9.05 3 2.55 7.72 3.31 3.41 3.25
Tm 168.9 9.33 2s 2.89 5.98 3.11 3.1

3b 2.53 7.83 3.32 3.46
Yb 173.0 6.98 2 3.21 4.85 2.95 2.51
Lu 174.9 9.84 3 2.51 7.93 3.33 3.53 3.3 3.25
t

o

is
s,
ntal
ht
ame.
in both the surface valence~divalent! region and the trivalen
region, due to uncertainty in the choice of valence.

The difference in valence choice~2 or 3! for Pr and Nd
propagates to a WF shift of about 0.2 eV. Propagation
valence error to the output value in LMTO is unknown.
04510
f

Compared to Michaelson’s lanthanide data, HDFE
closer to experiment than LMTO in five out of nine case
and in one case the difference is the same. For experime
data taken from Ref. 15, HDFE is better than LMTO in eig
out of 12 cases, and in two cases both methods are the s
D and
TABLE II. Input values for the work function calculations for Fr, Ra, and actinides. Actinide valencies from Refs. 45 and 47, H
HDFE: this work;mv: calculated from molal volume.

Element A
r

~g cm21! Z rs /a0 EF ~eV!

w ~eV!

HD HDFE Theory Expt.

Fr 223 2.60 1 6.12 1.5~Ref.13! 2.01 2.14 2.13~Ref.28!
1.87 1 6.83 2.02

Ra 226 5.00 2 4.94 3.0~Ref. 13! 2.78 3.23 2.03~Ref. 28!
Ac 227 10.07 3 2.72 6.10~Ref. 13! 3.38 3.20 3.44~Ref. 28!
Th 232 11.72 3 2.60 7.37~Ref. 56! 3.28 3.28 3.44~Ref. 28! 3.3 ~Ref. 57!

3.4 ~Ref. 15!
Pa 231 15.37 5 2.00 3.73 3.76~Ref. 28!
U 238 19.05 6 1.77 15.89~Ref. 56! 3.97 3.97 3.85~Ref. 28! 3.63 ~Ref. 15!

3.82 ~Ref. 27! 3.78 ~Ref. 15!
Np 237 20.45 5 1.84 3.90 4.00~Ref. 28!
Pu 244 19.82 4 2.02 11.18~Ref. 56! 3.89 3.72 3.98~Ref. 28!

3.68 ~Ref. 26! ~100!
4.14 ~Ref. 26! ~111!

Am 243 13.60 3 2.52 6.5~Ref. 45! 3.7 3.33
Cm 247 13.51 3 2.54 5.6~Ref. 45! 3.9 3.32
Bk 247 14.78 3 2.46 6.4~Ref. 45! 3.8 3.37
Cf 251 15.2mv 3 2.45 5.9~Ref. 45! 4.0 3.38
Es 252 8.8mv 2 3.37 3.4~Ref. 45! 3.3 2.88
1-4
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Altogether, HDFE yields better results than LMTO in 13 o
of 21 cases~i.e., in 62%!, and equal with LMTO for three
lanthanides~14%!. If Pr and Nd are assumed trivalen
HDFE surpasses LMTO in 57 and 14% of cases, resp
tively. It has to be noted that HDFE is done for polycryst
line surfaces, whereas LMTO data are calculated for
~110! for Ba and Eu, for hcp~0001! for La, Pr-Sm, Gd-Tm,
and Lu, and for fcc~111! for Ce and Yb.

Values ofEF for Pa and Np were not known to the a
thors, therefore only HDFE was used for these metals
Fig. 4 all results for actinides are compared graphically
may be seen that the agreement with the LMTO method28 is
very good for HD from Fr to Pu, and also for HDFE~except
for Ra!. Available experimental data for Th show goo
agreement for all methods: HD, HDFE, and LMTO. LMT
is closer to experimental value for U than HD and HDF
FLMTO results for U~Ref. 27! are not indicated in Fig. 1

FIG. 1. Comparison of deviation from experimental values
various models of WF. Numbers correspond to references. 2a i
uc parameter equal 1/), 2b is foruc51/A6, 4a is for jellium, and
4b is for pseudojellium, 6a, 6b, and 6d are for jellium, flat surfa
and mean value for given faces, respectively.

FIG. 2. Comparison of experimental and theoretical WF val
for lanthanides. In the case of Pr and Nd, WF was calculated
HDFE for valence 2~solid line! and 3~dotted line!.
04510
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because they cover the range of experimental values.
methods give WF for Pu in the range predicted theoretica
by use of FLMTO.26 Calculation of WF’s by Brodie’s ap-
proach for either lanthanides or actinides produces errone
values, e.g., 25% smaller than experiment or other theo
for U and Pu, unless the effective mass is treated as an
justable parameter. The authors therefore do not discuss
die’s model in comparison with other theories and expe
ments for lanthanides and actinides.

Our results for heavy actinides cannot be compared
other values due to the lack of either calculations or m
surements. It may be seen, however, that the agreemen
tween HD and HDFE observed for light actinides is
longer sustained for heavy actinides.

IV. DISCUSSION

The lack of detailed analysis of physical mechanisms
an obvious drawback of any phenomenological approa

r
or

,

s
y

FIG. 3. WF of lanthanides plotted versus density. The surf
valence transition is indicated. Pr and Nd are indicated in b
valence transition and trivalent ranges.

FIG. 4. WF for actinides; comparison of experimental and th
oretical results calculated by the use of various methods.
1-5
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HD and HDFE do not discuss the relativistic or exchan
correlation effects or electron spin. It is assumed that all
electronic properties demonstrate themselves in specific
sity and/or valence. Only these two parameters combi
with either theEF value ~HD! or the atomic mass~HDFE!
are used to calculate the WF in HD approaches.10,38,39

In order to compare HD with other approaches, it sho
be recognized that the system to be describ
(;1023electrons11023 ions) is extremely complicated. Sim
plifications in ab initio approaches, such as the use
pseudopotentials or the single-electron picture, are there
necessary. The influence of such simplifications on the
system is often unclear4 and leads to unphysical artifacts lik
peaking of the WF or surface energy as functions of elect
density in Refs. 5 and 7, respectively.

Line A in Fig. 1 shows clearly thatab initio models are in
fact ‘‘optimized’’ for a given group of metals~e.g., alkali
metals or transition metals!. There are large differences i
the electronic structure between, e.g., alkali metals and t
sition metals, and this is why deviation increases with
creasing number of elements. Calculations are therefore
ally performed for a few metals of choice only. Work b
Skriver and Rosengaard8 seem to be the only exception from
this rule, but their overall agreement with experimental v
ues is very poor. Thin-slab based calculations give the low
deviations, but results are so far limited to a few metals
can therefore be suggested that the simple idea of spon
ous polarization used in HD increased the quality of cal
lation, in the form of agreement with experiment,more sig-
nificantly than any of the advanced attempts to underst
the surface influence of the characteristic electronic struc
of a metal on theab initio basis.

Another important surface property, namely the surfa
energy, is systematically about 25% too small if calcula
by density-functional calculations.7 It was already found tha
simple, non-self-consistent theories of surface energy g
much better agreement with experiment than theories ba
on LDA.48,49 This is in spite of the fact that some LDA
theories do use phenomenological approaches, as it is
in HD, e.g., using correction terms of the order of unity su
as multiplicative ‘‘corrugation factor’’6 ~similar to thea pa-
rameter in HD! or estimation ofr s from the valence.7

While ab initio models succeeded for alkali metals, whi
are in any case best described by simple electron gas, no
the ab initio models ever reach acceptable agreement w
experimental values for transition metals.

Ab initio models have the advantage that they are usu
capable to calculate the WF for a given crystallographic fa
rather than just for a polycrystalline surface. Attempts to
the same with HD approaches as well as to get rid of tha
parameter were undertaken50 and these preliminary result
are encouraging.

In case of lanthanides, it may be seen that the WF
gradually rising from Ba to Lu, except for Ba, Eu, and Y
which have significantly lower WF values than their neig
bors. These metals also have significantly lower elect
densities than their neighbors. The overall trends of W
combined with the lowering for Ba, Eu, and Yb are similar
both LMTO and HDFE.
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Differences between WF’s for specific faces of a me
are usually of the order of 0.2 eV. This would seem to su
gest that from the comparison with available experimen
data HDFE yields WF’s for lanthanides in better agreem
with experimental values than LMTO.

Due to the complicated electronic structure of actinid
where the correlated electron behavior is prevalent, it w
expected to see a lack of agreement between HD-based
ab initio models for these metals. As it may be seen fro
Fig. 4, however, agreement with experiment is the same
HD, HDFE, LMTO, and FLMTO methods. HD-based an
ab initio methods are also in agreement with each other.

A discrepancy between HD and HDFE of the order of 0
eV occurs for heavy actinides, from Am to Es, where thef
electrons became localized. This surely is caused by extr
simplicity of the HDFE, based on the free-electron pictu
which apparently does not describe heavy actinides as
as the light ones. HD for actinides is based on theEF values
calculated by self-consistentab initio methods. However,
preliminary comparison of such calculations with photoem
sion results for Pu show lack of agreement.

Another reason for discrepancy is the 5f electron influ-
ence on electronic properties of actinides. From Ac to Np
5 f electrons are delocalized~itinerant!, Pu forms a boundary
between Np and Am, and from Am the 5f electrons become
localized.51 This difference is accounted for in HD calcula
tions throughEF taken fromab initio calculations, but not in
HDFE.

In HD and HDFE, the WF calculation problem is reduc
to calculation of the distanced from which the image force is
to be integrated. Up to this distance we face the continu
quantum decoherence52–54 and beyondd only the classical
states and classical approaches are required.

The quantum decoherence idea suggests that the env
ment surrounding a quantum system can monitor the s
tem’s observables, the eigenstates of which continuously
cohere and finally became classical ones.54 According to the
original idea of Brodie,14 the quantum decoherence was r
lated to the escaping electron only, decohering from quan
states in the solid to classical states at distanced. The failure
of the ab initio methods documented in this paper indica
that quantum decoherence may refer not only to the elec
itself but also to the local band structure of the solid. In t
sense of quantum decoherence concept, the act of elec
emission from the metallic surface is equivalent to monit
ing the system by the environment, and this obviously rela
to both the escaping electron and local band structure.

Once the electron leaves the surface, it undergoes d
herence, and also the original band structure at the surfa
not preserved. Since an entirely new potential is acting,
no original band structure is preserved, theab initio-based
band-structure calculations have to fail, as indicated by l
A in Fig. 1.

V. CONCLUSION

Authors do recognize thatab initio models are of grea
value as far as our understanding of solid-state physic
concerned. However, we show here that at present such m
1-6
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els are unable to calculate surface properties of metal
accordance with experimental values. Surprisingly, quit
few researchers seem to forget that theory is of value on
agreement with experiment may be documented.

The surface related valence transition concept is veri
for Sm and Tm. The existence of such transition for Pr a
Nd is suggested. Agreement with experimental data
slightly better for simple HDFE calculation than forab initio
modeling, therefore suggesting a need to improve these m
els in the future. It was shown that the simple phenome
logical model predicts the same~within a few percent! values
of WF for light actinides as either experiments or LMTO a
FLMTO computations. Therefore calculations were extend
beyond Pu, which is shown to be an intermediate betw
localized and itinerant 5f systems. In the present author
view the HD approach gives reliable values of WF for hea
actinides. There is a need forab initio WF data for heavy and
experimental data for all actinides. Values of WF for hea
04510
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actinides up to Es are calculated and presented.
The beauty ofab initio modeling is based on the ability t

predict andgive some indication of the kinds of effects
expect.55 A first-principles approach describes the physics
the system, but the level of generalization is apparently
high to be used for the calculation of an exact surface pr
erty.

The use of a simple phenomenological approach allow
to obtain the best agreement with experiment, which sho
the need for betterab initio modeling in the future, possibly
including the quantum decoherence aspects indicated ab
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