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Self-consistent electronic structure of a Cu(100) monolayer
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The first fully self-consistent electronic structure calculation for a Cu(100) monolayer predicts

no holes in 3d band, but does predict a state at the M point only 0.1 eV below the Fermi energy.

This state is unique and lies 0.4 eV above the rest of the 31band. The close proximity of this

state to the Fermi energy, plus the demonstrated profound effects of going to self-consistency,

suggests how some previous authors could have found d-band holes for a copper monolayer

with a non-self-consistent calculation. The d-band edge falls further below the Fermi level as

the film is thickened. The prediction of no band holes agrees with the results of Wang and

Freeman.

I. Cu(100) MONOLAYER

The theoretical electronic structure of a copper
monolayer has been the subject of much controver-
sy' ' recently. The densities of states computed by
various authors show substantial differences. For ex-
ample, Cooper' reports the Fermi level for a Cu(100)
monolayer to lie below the d-band edge (i.e. , holes in
the d band). At the other extreme, Abbati er al
find for a Cu(111) monolayer it lies 3.7 eV above the
d-band edge. Gurman, ' for a Cu(100) monolayer,
locates the Fermi level -2 eV above the d-band
edge.

Kar and Soven4 commented that Cooper's
result' —holes in the d band —seems very unlikely.
Cooper' in turn argued that Kar and Soven's' results
were very similar to his own and probably also exhi-
bited dholes (the Kar and Soven paper is not de-
tailed enough to be certain). Cooper suggested fur-
ther that self-consistency should be important, and
that to eliminate d holes at d-band metal surfaces the
surface atoms might even have to move.

Wang and Freeman' have recently reported a cal-
culation for a Cu(100) monolayer that is closer to
self-consistency than any earlier calculations. In their
calculation, the charge density is constrained to be a
superposition of overlapping spherical charge densi-
ties. Within that approximation, only three numbers
are iterated to self-consistency —the occupancies of
the 3d, 4s, and 4p atomic orbitals in their basis set.
They find that the Fermi level lies above the d-band
edge so that their d bands are completely filled.

None of these monolayer calculations have been
done fully self-consistently. We have previously
demonstrated"" the importance of self-consistency
in surface electronic structure calculations. In an ef-
fort to clarify the present situation, we present in this
paper the results of the first fully self-consistent cal-
culation for a Cu(100) monolayer.

We use the self-consistent local orbital (SCLO)

technique which is discussed in detail elsewhere. " "
It is an ah initio method, without pseudopotentials or
other parametric forms. We use as basis functions all
ground-state copper atomic orbitals as well as 4p-,
4d-, and 5s-like excited-state orbitals. Charge densi-
ties are computed using 15 ki~ points in the elemental

of the surface Brillouin zone (SBZ), see Fig. 1.
Full point-by-point self-consistency is obtained with
final input and output potentials differing by (50
meV everywhere in the unit cell. We use 7800 (488
inequivalent) mesh points in our unit cell. Thus we
iterate to self-consistency 488 different numerical
values of the potential. The converged monolayer
band structure is shown in Fig. 1. It agrees with

respect to general features with all the work previous-
ly cited, but particularly with Painter' from which it
cannot be distinguished at sight.

The highest state at M is about 0.4 eV above the
highest state at I, in agreement with earlier calcula-
tions. We plot the bands along three different sym-
metry directions. The very interesting and important
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FIG. 1. Surface band structure.
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FIG. 2. Self-consistent density of states.

fact is that M is unique. A glance at Fig. 1 suffices to
see a well-defined top edge to the 3d band, except at
M, where the band rises 0.4 eV higher. This is still a
3d state, so the 3d-band width is really 2.4 eV. This
is to be compared with the 3.5 eV d-band width we
obtained for a 9-layer thick Cu(100) film. ' Further-
more, this state at M is only 0.1 eV below the Fermi
energy. This small energy difference suggests an ob-
vious explanation for the d-band holes" some au-
thors find, a non-self-consistent result could easily
misplace a level by considerably more than 0.1 eV.

The self-consistent density of states is shown in

Fig. 2. For this plot, energy levels were computed at
45 k~~ points in the elemental

8
of the SBZ; the den-

sity-of-states curve itself was derived by a Monte Car-
lo procedure using 50 000 randomly chosen points in

the SBZ and quadratic interpolation. The work func-
tion is 4.6 eV, as shown. This is within 0.1 eV of the
value we obtained' for 3-, 5-, 7-, and 9-layer thick
Cu(100) films. The interesting feature is that the d
band appears to have a sharp edge at —5.0 eV with

the Fermi level 0.5 eV above it. The M state 0.1 eV
below the Fermi level can be seen only as a slight
knee on the front edge of the d band. This is, of
course, because its contribution to the DOS is quite
small —it is prominent only on the band diagram.

To emphasize the importance of self-consistency,
we show in Fig. 3 the density of states derived from
our starting potential. This starting density of states
is very different from the final self-consistent density
of states. The d band is sufficiently higher relative to
the s-p band that holes appear in it. While other
non-self-consistent potentials may be more accurate
than this starting potential they will of necessity con-
tain certain arbitrary features whose consequences are
not foreseeable, and which may, in particular, lead to
unfilled d bands.
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FIG. 3. Density of states from starting potential.

The partially self-consistent calculation of Ref. 10
has completely filled d bands in agreement with our
findings but the published density of states is quite
different from the fully self-consistent result of Fig. 2.

After submitting this manuscript for publication we
received a private communication from the authors
of Ref. 10. Upon seeing our results as shown in

Figs. 1 and 2, they refined their procedure for calcu-
lating the density of states. A new calculation using
45 points in the elemental —, of the surface Brillouin

zone yields a density of states in very close agree-
ment with our Fig. 2. This suggests, at least for this
particular monolayer film, that their charge-density
constraints are not too severe.

Finally, we note that Abatti et al. find from a
non-self-consistent calculation that the Fermi level
gets closer to the d-band edge as the film thickens.
On the contrary, we have found that for a 3-layer
Cu(100) film, the Fermi level is 1.4 eV above the d-

band edge, which is considerably larger than the
corresponding displacement for one layer. For a 9-
layer film it is 1.5 eV above. ' The bulk value is
1.5 eV. '6

To sum up, we find that a self-consistent Cu(100)
monolayer calculation finds no holes in the d band,
but does find a state at M only 0.1 eV below the Fer-
mi energy. This state has popped up above the bulk
of the d band by 0.4 eV; this peculiar and unique si-
tuation is one facet of the explanation of why several
authors actually predict d-band holes from non-self-
consistent calculations. The other facet is the pro-
found change found on going to self-consistency.
Self-consistency is always important, but especially so
in borderline situations like this one.
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