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We have calculated the surface energy and work function of the light actinides Fr, Ra, Ac, Th,
Pa, U, Np, and Pu by means of a Green's-function technique based on the linear-mufBn-tin-orbitals
method within the tight-binding representation. In these calculations we apply an energy func-
tional which combines the kinetic energy calculated within the atomic-sphere approximation with
Coulomb- and exchange-correlation-energy terms calculated by means of the complete nonspheri-
cally symmetric charge density derived from the atomic-sphere potential within nonoverlapping and
space-Ming cells. The calculated surface energies and work functions are in good agreement with
the limited experimental data.

I. INTRODUCTION

The surface energy and the work function are the two
most fundamental electronic properties of a metallic sur-
face, and their determination is of great importance in
the understanding of a wide range of surface phenom-
ena. For most metals the work function and the sur-
face energy are known &om experiments, although the
recommended values appear to have uncertainties of un-
known magnitude. This, for instance, is true for the sur-
face energies derived &om the surface tension of liquid
metals and listed by de Boer et al. Nonetheless, to our
knowledge the compilation by these authors represents
the most consistent choice of surface energies in exis-
tence. Similarly, the work functions listed by Michaelson
are derived mainly &om measurements on polycrystalline
samples and in many cases have not been confirmed by
ultrahigh vacuum measurements. For the actinides the
situation is even less satisfactory in that the work func-
tions and surface energies are only known for three out
of the first eight metals in the series. In this situation
one may turn to theoretical models and in particular to
ab initio calculations as a guide, especially since the ac-
curacy of such calculations has recently improved consid-
erably.

Here, we present calculations of the surface energy and
the work function of the fcc (111) surface of the light
actinides including also Fr and Ra. For this purpose,
we first applied the tight-binding linear muffin-tin or-
bitals (LMTO) Green's-function techniques within the
atomic sphere approximation (ASA), which was success-
fully used in the calculation of surface properties of a
large series of metals. ' Since the early actinides have
an f-band, which is either just above the Fermi level

(Ac,Th) or occupied (Pa-Pu), we included s, p, d, and

f orbitals in the calculation resulting in slightly negative
surface energies for Ac and Th. This unphysical outcome
for the early actinides led us to develop a more accurate

functional based on the ASA for the kinetic energy and on
the complete charge density, derived &om the spherically
symmetric atomic sphere potential, for the Coulomb and
exchange-correlation energies. The functional has been
tested in calculations of the surface energy of the 4d tran-
sition metal series and now the mean deviation from
the full-potential calculations7 is less than 4%%uo. Here we

present surface energies and work functions for the early
actinides calculated by means of this improved functional
and expect the results to be of the same accuracy as a
full-potential calculation.

II. COMPUTATIONAL METHOD

The LMTO Green's-function technique as imple-
mented by Skriver and Rosengaard is based on the work
of Andersen and co-workers. An essential aspect of
the technique is the ability, within the ASA and in the
tight-binding representation, to generate the Green's-
function matrices for a real, two-dimensional interface by
a simple and efBcient procedure. In addition, the ASA al-
lows an efBcient and accurate determination of the kinetic
energy and also of the Coulomb and exchange-correlation
energies if, as was shown in Ref. 6, one goes beyond the
ASA for the charge-density and multipole moments.

In the present implementation we combine the ASA ki-
netic energy TAsA with accurately treated Coulomb and
exchange-correlation energy terms evaluated by means
of the complete nonspherically symmetric charge density
derived &om the ASA potential within nonoverlapping,
space-filling cells. s The full-charge-density (FCD) energy
functional may be written

@FGD[ri(r)] —TAsA + +[n(r)]

where n(r) is the electronic charge density and the
functional I" may be partitioned into cell-contributions
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F = pRF each of which is the sum of intercell

(Madelung), intracell Coulomb, and exchange-correlation
energy terms

FR ) ER [qR qR'] + ER [~R) + ER[~R]
R'gR

Here, n is the electronic charge density inside the
nonoverlapping, space-filling cell centered at R obtained
&om a self-consistent ASA potential. The multipole mo-
ments of the cells are defined as

(
—

) n (r)Yr(r)dr
2~ + ~ WS cell

(3)

in terms of the atomic Wigner-Seitz radius S and the
real harmonics YL, . A detailed description of the calcu-
lation of the intercell, intracell, and exchange-correlation
contributions is given in Ref. 6.

The surface energy is the work required to form a unit
area of surface, and is the solid analog of the surface ten-
sion of a liquid. In the present case and within the Born-
Oppenheimer, local-density, and &ozen-core approxima-
tions it is simply calculated as the difference

p = EpcD(N) —NEs~D (4)

between the total energy of the N atoms in the surface
region (2D) and N times the total energy of a single atom
in the bulk (3D).

Within the ASA, and for a bulk cell with only equiv-
alent atoms, the zero of energy is taken to coincide with
the electrostatic potential at the surface of the (neutral)
atomic sphere, and the work function W of the corre-
sponding semi-infinite metal may then be expressed as
the difference

W = p —EF (5)

between the electrostatic surface dipole P and the Fermi
level E~ for the bulk crystal on the ASA energy-scale.

At the outset of a surface calculation, one needs start-
ing potentials as well as total energies corresponding to
the perfect, infinite crystal of the atomic species that
form the surface. To obtain this input, we perform self-
consistent bulk calculations by means of the second or-
der LMTO Hamiltonian also used in the Green's-function
technique, and calculate the kinetic energy by integrat-
ing the Green's function on a complex energy contour.
Based on convergence tests we use a surface region con-
sisting of four layers of metal plus two layers of empty
spheres simulating the vacuum. For the k-space integra-
tion we use 45 special points in the irreducible part of
the two-dimensional Brillouin zone for the fcc (111) sur-
face. Finally, we calculate the moments of the state den-
sity by means of a Gaussian integration technique with
16 points distributed exponentially on a semicircle in the
complex plane to emphasize the contributions close to
the Fermi level. For the exchange-correlation potential
and energy we use the Perdew'-Zunger interpolation of
the many-body calculations of Ceperley and Alder.

III. RESULTS

The electronic structure of the light actinides is formed
by spd bands, as in an ordinary d transition metal, plus
an f band which descends and becomes occupied in Pa.
This is illustrated in Fig. 1, where we show the posi-
tion and the width of the bands obtained in the scalar-
relativistic, bulk LMTO-ASA calculations. In addition
to showing the descend of the 5f band, the figure illus-
trates that beyond Ra the 6p states cannot be treated
as core states and must be included in the band calcula-
tion. Thus, in our bulk and surface calculations the band
structure is obtained in two panels, one including the 6p
(semicore) and the other the 7p states. Here, we neglect
the sizeable spin-orbit splitting of the 6p states but for
a completely filled band this will have little effect on the
surface properties.

The effect of the 6p semicore on the surface energy may
be estimated by arguments of the kind used in the initial-
state theory of surface core level shifts in d transition
metals. In the present case these arguments imply that
the center of the 6p semicore states may approximately
be identified with the bulk-to-surface shift of the valence
5f band. At the surface the 5f band becoines narrow
owing to the decrease in coordination number, and if one
assumes an approximate conservation of the f charge in
each layer, to avoid the large electrostatic energy, the
surface f band must be positioned below the bulk f band
for an f occupation ny ( 7 and above the bulk f band
for nf ) 7. As a result, we expect that at the beginning
of the light actinide series the 6p band in the surface layer
will be shifted downwards relative to its bulk position and
that this shift will decrease as the 5f filling increases.

In Fig. 2 we have plotted the bulk to surface shift of
the center of gravity of the 6p band for the light ac-
tinides. The result is completely in accordance with the
picture discussed above and leads to a negative 6p semi-
core contribution to the sum of the one-electron energies
and hence to the surface energy of these metals. In Th
the 6p semicore contribution is —0.3 2/m and causes a
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FIG. 1. The energy band structure of the light actinides.
The band positions are measured from the actual Fermi level.
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FIG. 2. The surface shift of the center of gravity t 6„ofthe
completely occupied 6p band. The inset shows the filling of
the 5f conduction band.

30/p reduction in the calculated surface energy. The ef-

fect is smaller in the other actinides and disappears in
Pu.

The results of calculations by the Green's-function
technique in the original implementation, ' which is
based on a spherically symmetric potential and charge
density but in addition includes the dipole contribution
to the (Madelung) intersphere potential, are shown in

Fig. 3. These results include the contribution from the

FIG. 4. The multipole moments Qr, with L = p, d, f in the
surface layer of the fcc (111)face of Fr through Pu.

6p semicore and for lack of a better word will be re-
ferred to as an ASA calculation. As may be seen, the
ASA gives too low surface energies at the beginning of
the series. For Ac and Th the calculated surface energy
is even negative and, hence, unphysical. The reason for
this failure is mainly the fact that by the introdution
of f-states the calculational technique has more degrees
of freedom and produces a larger dipole moment at the
surface, even in the case of Th which is essentially a d-
band metal. The neglect of the Coulomb interaction of
the higher multipole moments therefore leads to larger
errors than is usually seen in spd ASA calculations. The
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FIG. 3. The surface energy of the light actinides calcu-
lated within the ASA but including the dipole contribution
to the intersphere potential. For Fr—Th the results obtained
by means of an s, p, d basis are also shown together with the
semiempirical values by de Boer et al (Ref. 1). .

FIG. 5. The nonspherical contributions to the surface en-

ergy plotted as the difference between the full charge-density

results and ASA results for the intrasphere and intersphere
Coulomb terms as well as the exchange-correlation energy.
Note that in this context the ASA results include also the
monopole-dipole intersphere (Madelung) contribution.
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FIG. 6. The surface energy of the light actinides for the fcc
(111)face calculated within our FCD scheme using spherical
cells (SCM) and nonoverlapping, space-filling WS cells. The
values are compared to the semiempirical results (Ref. 1).

FIG. 7. Work function calculated in our FCD scheme com-

pared to the available experimental data (Ref. 2).

l-convergence of the LMTO —Green's-function technique
and the solution to this problem is discussed in detail in
Ref. 6.

In Fig. 4 we present the p, d, and f multipole moments
calculated in the spherical cell model (SCM) defined in
Ref. 6 as well as by integration within nonoverlapping and
space-6lling cells. In the SCM, as in the ASA, we assume
that the lattice consists of atomic spheres, the overlap of
which is neglected, but now the charge density is not
necessarily spherically symmetric within the sphere. It
may be seen in the 6gure that the SCM already gives
fairly good values for the higher multipole moments, and
that the dipole moment which attains a maximum value
at Th plays a dominant role. It is this high value of the
dipole moment and the neglect in the original Green's-
function technique of the dipole-dipole interactions which
is mainly responsible for the low calculated surface energy
in Ac and Th.

In Fig. 5 we show the nonspherical intercell, intracell,
and exchange-correlation energy contributions de6ned in

(2) to the surface energy, i.e., their values obtained in
the FCD calculation relative to those of the ASA. It is
seen that the increase in the electrostatic contributions is
not completely compensated by a corresponding decrease
in the exchange-correlation energy, which results in an
overall positive correction which has its maximum value
at Th.

The result of the FCD calculation of the surface energy
of the light actinides is plotted in Fig. 6 together with
the available semiempirical values by de Boer et al. It
may be seen that the de6ciencies of the original Green's-
function technique have disappeared and that the calcu-
lation reproduces the experimental trend and to within
20% reproduces the semi-empirical values for U and Pu.
The figure also includes the results of the SCM calcu-
lation which generally are larger than the FCD results
owing to the overestimate of the higher multipoles seen

in Fig. 4.
In Fig. 7 we present the calculated work functions

of the light actinides and compare them to the mea-

sured values available for thorium and uranium. In both
cases the agreement is excellent. Recently, Hao and co-

workers ' calculated the surface electronic structure of
p-U and b-Pu. They estimated the work function of U

to be in the range &om 3.60 to 3.82 eV and for Pu they
found 3.68 and 4.14 eV for the (100) and (111) faces,
respectively. Again these values are in good agreement
with our results. The FCD calculations of surface energy
and work function are summarized in Table I.
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Sws (Bohr)
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U
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Pu
3.037
2.67
3.98
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