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Electronic Properties of Ultrathin d-Band Metal Films with Simple Metal or Vacuum Interfaces
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(Received 23 March 1972; revised manuscript received 27 November 1972)

The Green's-function method has been used to study the changes in electronic struc-
ture of fcc d-band metals on going to ultrathin films. Varying the boundary where the
electronic wave functions vanish allows an accurate treatment both for a d-band metal
film embedded in a simple metal and for a d-band metal film in vacuum. Calculations
for a copper monolayer predict striking changes from bulk behavior, in agreement with
photoemission experiments.

I have reformulated the Green's-function [Kor-
ringa. -Kohn-Rostoker (KKR)] method' for film
geometry in order to study the changes in elec-
tronic structure of fcc transition and noble met-
als on going from bulk samples to ultrathin (oli-
gatomic) films. The observation, making de
tailed, high quality c-alculations of the electronic
structure for the film practical, is that the film
problem with a vanishing zvave function b-oundary

condition has electronic eigenstates uhicA, , uith. —

in the film boundaries, are identical to those of
an appropriately defined three-dimensional peri
odic tet~agonal complex lattice. The boundary
where the wave functions are constrained to van-
ish can lie outside the physical boundary limiting
the region where the potential corresponds to the
d-band metal, and can vary with energy. This
has enabled us to allow for electron leakage from
the film and simulate either the situation of a d-
band metal film suspended in vacuum or the more
experixnentally realizable situation of an ultra-
thin film of a d-band metal with interfaces with a
simple metal. Calculations for a monolayer of
copper predict striking changes from the bulk"
density of states, as observed in photoemission
experiments' for Cu deposited on Ag (results
available subsequent to the calculations).

There are basically two changes from a bulk
muffin-tin potential in going to ultrathin film ge-
ometry. First is the geometrical effect: The
electrons, instead of being scattered by an infi-

nite, periodic lattice of identical spherical poten-
tials, are scattered by a lattice that is quite thin
in one dimension. The other effect is that the
spherically symmetric localized atomiclike po-
tential will change on approaching the surface.
The present work deals with the first effect, the
change in electronic properties brought about by
the termination of a lattice of identical spherical-.
ly symmetric potentials at sharp boundaries. As
shown below, this effect brings about large quali-
tative changes in the electronic behavior from
that in the bulk, "in agreement with experiment. '
(One could incorporate the surface-potential
change into the calculations, since the atomiclike
spherical potential in each layer can differ in the
calculations. The difficulty would be in choosing
the potential, ideally self-consistent, to use at
the surface. )

We consider a slice X, layers thick of an fcc
lattice having a muffin-tin potential appropriate
tp a d-band metal, with the constant value Vp be-
tween muffin-tin spheres; while for (X„+W2
—1)a/4 ~ lzl &Na/4 (z measured from the film
center, parallel to the film normal) with N ~ X~
+ v 2 —1, the potential ha.s the constant value V, .
At z =+ Na/4 the wave function is constrained to
vanish. (Nis not required to be an integer and
can vary coith energy ).

For the Schrodinger equation in integral form, '
the Green's function for this potential lattice and
these boundary conditions is

—16~~sin[(2p~/Na)z + p~/2] sin[(2pw/Na)z'+ pn/2] exp[i(K„„+k~~) ~ (r —r')]
3 ZZ 2Na lK~+ K„ii+k ii j

—c

with p summed over all positive integers, and n summed over reciprocal-lattice vectors (K„) for the
two-dimensional lattice corresponding to the slice taken of the fcc lattice. Equation (1) is equivalent
to

—1 ~exp[i(K +K„ii+k p)' (r —r )]
Na p „ lKp+ K„((+k((l (2)
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where

K~ = (2Pn /Na)z.
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Here c is the energy, a the fcc lattice parame-
ter, and z a unit vector along the film normal.
In (2) P is summed over a.ll positive and nega. tive
integers and zero. Thus (2) formally defines a
three-dimensional tetragonal reciprocal lattice,
and thus formally defines a three-dimensional
tetragonal lattice in real space. (The lattice is
complex with 'Z„sites in the unit cell. )

The form of (2) allows one to calculate the
bands for the film problem in exactly the same
way as that of a conventional three-dimensional
lattice, zvhere, ho&eever, k is restricted to lying
in the plane of the film.

Our first calculations have been for a (100)
mono]ayer (&„=1)of copper (using the Chodorow'
potential). Monolayer calculations have been
done for three cases: N =1 (wave functions al-
lowed to be nonvanishing only over a region the
thickness of a. layer in the bulk crystal), N = 4
(corresponding to embedding the monolayer in a
simple metal), and N =an energy-dependent val-
ue such that the conduction-electron charge leak-
age equals that for the work function of a clean
copper surface (corresponding to a copper mono-
layer in vacuum). The N=1 case shown in Fig.
l(b) is instructive for purposes of comparison
with the two physical cases shown in Figs. 1(a)
and 1(c). To get good quality, ultrathin films
will probably involve metal-on-metal deposition.
Thus the metal interface case, represented here
by the V=4 case, is more likely to be experi-
mentally relevant than the vacuum interface
case. (N =4 is sufficient to show the effects of
interfacing with a bulk metal since the signifi-
cant effect of having more conduction electrons
is the change in hybridization with the d elec-
trons, and these are quite localized. )

Figure 1 shows band energy versus k along the
symmetry lines of the two-dimensional Brillouin
zone for a (100) plane of an fcc lattice. The two-
dimensional Brillouin zone is a square: The cen-
ter is' I', the corner is I, and the center of side
18 X.

For V=1 the d-band structure narrows from
that in the bulk, giving a d-band peak in the den-
sity of states [Fig. 2(b)] about 1.3 eV wide. The
main effect of easing the constraint on the van-
ishing of the wave functions as shown in Figs.
l(a) and 1(c) is to introduce more free-electron-
like states (many more of these in the simple
metal interface case than in the vacuum inter-
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face case) causing an increase in s-d hybridiza-
tion. This increased hybridization modifies the
density of states as shown in Figs. 2(a) and 2(c),
but the basic appearance of the structure due to
the localized d electrons, as shown in Fig. 2(b),

FIG. 1. Energy bands for a monolayer of copper, with
symmetries labeled as in Ref. 6. Boundary conditions
are described in the text. The bands in (a} are for a
simple metal-copper-simple metal slab with an over-
all width =2a. [The various kinds of lines (solid,
dashed, etc.) indicate the band symmetry types. ]
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FIG. 2. Density of states for the three cases of Fig. 1 and of bulk Cu (Ref. 3).

is preserved. [For the monolayer in a simple
metal the s-d hybridization effects broaden out
the low-energy satellite peak and the main peak
in Fig. 2(b) so as to give a distinct shoulder
about 1 eV wide next to a peak of equal width. ]
This is because of the great localization of the
d states to the region encompassed by the atom-
like potential associated with a given lattice site,
whether or not artificially constrained to vanish
beyond that region. (Only 0.17 out of 10 d elec-
trons for the free atom fall outside the volume
a.ssociated with a. Cu atom in the solid state. ')

For monolayer geometry there are relatively
more free-electron-like states at low energy
than in the bulk. For the Cu monolayer in vacu-
um this causes the Fermi energy (EF) to drop so
there are about 1.3 d holes per atom. The pres-
ence of d holes has possibly important implica-
tions for magnetic behavior. (There are no d
holes for the monolayer embedded in simple
metal, since EF is that of the simple meta, l. )
Just as in non-self-consistent bulk band calcula-
tions for metals, such as Ni or Pd, having a sig-
nificant number of d holes, the presence of the
d holes for the vacuum interface case might im-
ply a significant change in the potential. This ef-
fect would be included in a self-consistent calcu-
lation of the potential.

We do not expect any significant difference in
behavior for the copper monolayer being on one
surface of a bulk simple metal rather than being
embedded in that metal. This is because the
simple metal serves basically only as a reser-

voir of conduction electrons to increase hybrid-
ization effects and determine EF.

The behavior in Fig. 2(a) is in close agreement
with that in photoemission' for Cu deposited on
Ag. (The photoemission experiments show non-
direct transitions for monolayer thickness; and
thus the photoemitted electron energy distribu-
tion is directly proportional to the density of
states. ) The photoemitted electron energy dis-
tribution for a Cu monolayer has a peak 1 eV
wide, 2.4 eV below EF; and at energies below
the peak there is enhanced emission indicative
of the presence of a shoulder in the density of
states.

Since the top of the d bands for Ag is about 2

eV further below EF than that of bulk Cu, it is
reasonable that the behavior of the copper mono-
layer on silver corresponds closely to that of
the copper interfacing a simple metal. The lower
1 eV of the bulk Cu d bands overlap the upper d
bands of Ag, and one could develop a more com-
plex model to investigate the question of any in-
fluence of the Ag d bands on the local density of
states at the surface of AgCu. Probably the best
way to obtain a definitive comparison of theory
and experiment would be to perform experiments
with a simple metal substrate, specifically alumi-
num. Ag deposited on Al should be' a particular-
ly favorable situation for obtaining high-qualtiy
ultrathin films.

We are presently extending our studies to thick-
nesses greater than the monolayer to see the ap-
proach to bulk behavior. The photoemission ex-
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periments' indicate bulk behavior for X~ = 5. We
anticipate no great difficulty in directly extending
the calculations to this thickness. For a film X„
layers thick, the X„sites of the formally equiva-
lent complex tetragonal lattice lie in a regular
array corresponding to a slice for an fcc crystal.
Thus there are only Jt,', —1 independent off-diagon-
al structure coefficients instead of the Qt, (Z, —1)/
2 for a general complex lattice with X„sites per
unit cell. This implies a computational time
roughly X„ times that for the monolayer.

It will be interesting to see the repercussions
of the changes in electronic structure with film
thickness on the characteristic properties of d-
band metals, especially magnetic, superconduct-
ing, and catalytic behavior. In looking for these
various effects it should be remembered that on
going from a bulk d-band metal to an ultrathin
film deposited on a bulk substrate of a different
metal, one changes the d-band electronic behav-
ior in two ways. The first is the change in d-
band density of states with thinness; and second
is the setting of the Fermi energy by the sub-
strate metal.

I am indebted to Miss E. I.. Kreiger for her
great aid in carrying out the numerical calcula-
tions. Conversations with F. S. Ham have been
especially valuable in formulating the film prob-
lem. I have enjoyed interesting discussions with
B. Segall, D. E. Eastman, W. D. Grobman,
U. Gradmann, H. C. Siegmann, M. Campagna,
A. J. Bennett, and P. J. Bray on various aspects
of film behavior.
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Detailed measurements of the conductivity in controlled-occupancy energy-band tails
of isotropic bulk material at low temperatutes (& 20 K) are found to be accurately de-
scribed by the relation logo -'l' ~2. The only theory that predicts such a relation applies
to one-dimensional conduction, not three. It is suggested that these results may reflect
the filamentary character of electron transport in random potentials.

A key relation in the behavior of electronic con-
duction in disordered, nonmetallic materials is
the prediction by Mott that the conductivity v
should depend on temperature as logo ——(&0/&) "
for hopping among localized states at low temper-
atures. The same conclusion was reached in
more detailed treatments of the problem in the
framework of percolation theories. 3 The com-
mon features of all of these is the assumption
that phonon-assisted tunneling (i.e., hopping) is
the dominant transport process; then if the den-
sity of states is not strongly energy dependent at
the Fermi energy, the T ~' dependence of logo
results. It should be noted that the 4 in the ex-
ponent is a consequence of the three-dimensional-

ity of the available conduction space. Thus, dis-
ordered layerlike materials should exhibit a de-
pendence like T "3 and in one-dimensional mate-
rials (e.g. , polymers) logo should vary~ as T '".
There is extensive controversy, however, con-
cerning the success of the numerous attempts to
confirm these relations experimentally. This
paper reports a new experimental test of these
theories in energy-band tails of disordered semi-
conductors having three important advantages
over any previously used materials: (i) The band
tails are describable by quite widely accepted
theories, (ii) the Fermi level in the band tails can
be controlled, and (iii) the experiments can be
done at the very low temperatures required for
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