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Klectrouic structure of fcc and bcc close-packed silver surfaces
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We report results of total energy and electronic structure calculations of fcc and bcc silver bulk
and surfaces. We find that under normal conditions (positive pressure) bcc silver is not stable.
However, if silver is grown with a volume per atom & 10% larger than that of the well-known fcc
silver, the total energy of the bcc structure becomes below that of fcc silver. For bcc (110) a sur-

face state is predicted at the Fermi level.

Modern deposition techniques make it possible to grow
crystals (or crystalline layers) with interatomic distances
and structures different than those known so far. Never-
theless, the surface properties of differently structured
materials have not been studied or compared systemati-
cally so far.

Using the density-functional theory (DFT) we per-
formed total-energy and electronic-structure calculations
for fcc and bcc silver in order to investigate the electronic
properties of a new (so far not known) crystalline material
(bcc silver). In fact, recent experimental studies of Aris-
tov, Bolotin, and Grazhulis' indicated that silver on
InSb(110) may grow in the bcc structure up to many lay-
ers of thickness. The structure identification was drawn
on the basis of Auger-electron spectroscopy and the low-

energy electron diffraction (LEED) pattern of a multilay-
er silver film. No LEED intensity analysis was performed,
so that the interlayer distance (normal to the surface)
remains uncertain. The LEED pattern indicated a some-
what perturbed two-dimensional bcc (110) layer.

Figure 1 displays the results of self-consistent scalar-
relativistic linear muffin-tin-orbital (LMTO) calcula-
tions for silver fcc and bcc. We use the local-density ap-
proximation (LDA) for the exchange-correlation func-
tional3 and the atomic-sphere approximation for the
effective potential. The basis set includes partial waves up
to l 3.

At zero temperature and pressure the stable structure is
fcc. The theoretical lattice constant is 4.02 A. which com-
pares well to the experimental value of 4.08 A (Ref. 4)
and to a previous self-consistent Korringa-Kohn-Rostoker
calculation which gave a lattice constant of 4.12 A. The
bcc structure has only slightly higher energy. Its
minimum energy is at a lattice constant of 3.2 A. bcc
silver with such lattice constant will not be stable but it
will undergo a phase transition to the fcc structure. How-
ever, for negative pressure (which at least is a possible
concept in theoretical studies) we find that the bcc total-
energy curve gets below the fcc curve. From the Gibbs
construction (the common tangent on both fcc and bcc
total-energy curves) we expect that the phase transition
from fcc to bcc starts when the volume per atom is about
10% larger than that of the equilibrium volume of the fcc

structure. At about 15% the bcc structure would be dom-
inant. The corresponding lattice constant is 3.37 A, which
agrees with the value deduced by Aristov, Bolotin, and
Grazhulis' from their LEED pattern.

It seems that the above-mentioned "negative pressure"
can be realized experimentally if silver is deposited on cer-
tain substrates that let it start growing with a bcc (110)
layer, which is the closest-packed bcc layer. The next lay-
er of silver atoms will then occupy fourfold (maximum
coordination) sites. The self-consistent bulk calculations
show that the interatomic distances of the fcc and the bcc
structures (the latter at a atomic volume 15% larger than
that of fcc) are practically the same, namely, 2.9+'0.05
k Therefore it may be expected that this distance deter-
mines (in a first approximation) also the interlayer dis-
tance. As a consequence, this would give the three-
dimensional bcc structure. However, a slightly smaller in-
terlayer spacing cannot be excluded. Therefore a LEED
intensity analysis that allows determination of the inter-
layer spacing perpendicular to the surface would be desir-
able. We note that the fcc and bcc total-energy curves
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FIG. 1. Total energy per atom as a function of volume per
atom for fcc and bcc silver.
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have very similar slope at the crossing point. Therefore it
may be difficult to grow pure bcc silver, i.e., to avoid sur-
face defects, dislocations, and fcc clusters. Further de-
tails, of our total-energy calculations including a discus-
sion of the hcp structure, will be presented elsewhere.

In particular we analyzed the differences between the
fcc and bcc silver surfaces. Figure 2 displays the results
for the ks-resolved density of states for fcc (111)and bcc
(110) surfaces which are the closest-packed surfaces of
these two crystalline structures. Results for other faces
will be discussed elsewhere. These calculations are per-
formed using the layer-Green's-function method, which
allows comparison of the surface and bulk properties in a
consistent picture. It does not place a restriction on the
spatial extent of surface-state (or surface-resonance)
wave functions and gives detailed information about the
electronic properties, such as ki-resolved, layer-resolved,
and angular-momentum-resolved densities.

For the present study we use the self-consistent
(density-functional-theory, local-density approximation)
potential for bulk fcc silver of Morruzi, Janak, and Willi-
ams s and took it for both our fcc and bcc studies. Calcu-
lations with the potentials of our linear muffin-tin-orbital
method calculations give essentially the same results. The
surface was approximated by a truncated bulk, using a
simple step surface barrier. This step function touches the
surface-layer muffin-tin spheres. Its height is 11 eV. This
is a reasonable first approximation and already gives a
good description of the surface density of states. Also,
surface states are described (see below). Whereas their
wave-function character is reliable, their exact energy po-
sition is somewhat uncertain. The latter depends on the

details of the potential in the surface region. For the lat-
tice constants we use 4.12 A for the fcc (see Ref. 5) and
3.37 A for the bcc structure. The intralayer scattering is
described by spherical waves with I ~ 3. For the inter-
layer scattering we use 15 (fcc) and 21 (bcc) plane waves.

Figure 2 shows results for the ki-resolved density of
states for different layers at ks (0,0). Of course, the
peaks in the bulk density of states (row 4) correlate with
the bulk band structure along the I L (for fcc) and I N
(for bcc) directions. Note that the width of the d bands is
very similar in both structures; the bcc d band is only
slightly narrower than the fcc d band. If we go to the sur-
face, we observe some changes in this density of states.
The most important result is a surface state which we find
for both systems (fcc and bcc silver) close to the Fermi
level. The intensity of this surface state decreases rapidly
from the first to the second to the third layer.

For fcc silver (111)this surface state is well known ex-
perimentally and theoretically. ' It is strong at
ki (0,0) and shows a dispersion with increasing ki to
higher energies. As a consequence, this surface state can
be seen in angle-resolved photoemission" (occupied) as
well as in inverse photoemission ' ' (empty). The agree-
ment between our calculations and these experiments is
nearly perfect.

As the existence of bcc silver is not yet established,
nothing is known experimentally about the electronic
structure of its (110) surface. The calculated energy posi-
tion of the predicted surface state is right at the Fermi lev-
el. The accuracy of our calculation is estimated to be
~0.3 eV. Therefore we cannot tell safely if this surface
state is partly occupied with electrons or if it is empty.
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FIG. 2. k~~- and layer-resolved density of states for silver fcc (111)and bcc (110) for k~~ (0,0). The bottom row gives the corre-
sponding bulk band structure along the surface normal, which is I L for fcc (111)and I N for bcc (110). d is the interlayer spacing.
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The nature of this surface state is very similar to that at
the fcc (111) surface. In both cases the surface state is
split off the bulk s-p band at the Brillouin zone edge due
to the repulsive surface barrier. In both cases the orbital
character is p„where z is the surface normal.

If the results of the kt-resolved density of states are in-
tegrated over the surface Brillouin zone, we obtain the
layer density of states (see Ref. 6). This shows a multi-
structured peak for the bulk density of states for the fcc
silver d band and a two-peak structure for bcc silver.
These bulk densities of states are largely determined by
the d states at L and X(fcc) and N (bcc). For the d-band
energies at L and N see the lowest row of Fig. 2. This
qualitative difference between the bulk densities of states
of fcc (a broad peak) and bcc (two well-separated peaks)
is a result of the tight-binding nature of d bands and
clearly distinguishes the two crystalline structures. There-
fore both systems should be clearly distinguishable in ab-
sorption as well as photoemission experiments.

In conclusion, we performed self-consistent total-energy
calculations for fcc and bcc silver that show that bcc silver
is a possible crystalline material. It is, however, necessary
to increase the volume per atom by & 10% compared to
the atomic volume of standard conditions fcc silver. These
results support the interpretation of Aristov, Bolotin, and
Grazhulis' who studied silver layers on InSb(110).

In particular, we discussed results of layer-Green's-
function calculations of fcc (111) and bcc (110) silver
surfaces. These results show that fcc and bcc silver should
be clearly distinguishable by absorption measurements as
well as by angle-resolved photoemission. For both sur-
faces, fcc (111) and bcc (110), we find a surface state
right at the Fermi leveL For fcc silver this is in good
agreement with known experiments, whereas for bcc silver
it is a prediction.
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