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Adsorbed layer and multilayer materials: The energetics
and bonding of Pd and Ag on Nb(001) and Nb(110)
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The energetics of transition-metal —transition-metal adlayer adhesion and the heats of formation
for competing ordered compounds have been investigated using total-energy calculations in order to
disentangle the factors controlling adlayer behavior. The calculated energies are used to estimate
interface energies, distortion energies associated with requiring an adlayer to be commensurate with
its substrate, the surface energies of the bare metal surfaces of Nb(110), Nb(001), Ag(110), Ag(001),
Pd{110),and Pd(001), and the surface energies associated with the presence of an adlayer. The re-
sults provide a picture consistent with the experimentally known adlayer behavior for Pd-Nb(001),
Pd-Nb(110), and Ag-Nb(110) and have implications for the growth of artificial multilayer (superlat-
tice) materials. While Pd adsorption on Nb can already be understood in terms of bulk interface en-

ergetics, for Ag on Nb the surface contributions are essential. Densities of states obtained for bulk
multilayers display markedly different bonding at the Pd-Nb and Ag-Nb interfaces, although all
show a pronounced interface state —1.5 eV above the Fermi level. The intensity of this peak, which
also exists at the surface, reQects the strength of bonding at the interface.

I. INTRODUCTION

With the advent of new experimental techniques for
adsorbing controlled amounts of atoms onto metallic sub-
strates, interest in the properties of metal-metal interfaces
has grown. From a practical point of view, it is impor-
tant to learn which factors govern the growth modes. In
many cases, one would like to epitaxially adsorb one met-
al onto another in order to modify the surface properties
or to make artificial multilayer (superlattice) materials.
Thus one needs to understand the physics of planar inter-
faces. In addition, there are many stable crystal struc-
tures, such as Au3Nb2 and Pd5Ti3, which involve planar
stacking.

The purpose of the present paper is to theoretically ex-
plore the energetics and bonding of planar transition-
metal systems in an attempt to gain new insight into the
mechanisms of interface and multilayer formation. We
use self-consistent total-energy electronic structure calcu-
lations both for bulk ordered compounds and multilayers
and for surfaces with and without adlayers to discuss the
interplay between bulk and surface contributions. A fu-
ture paper will employ the same set of calculations to dis-
cuss quantities of spectroscopic interest, work-function
trends, and localization of states at interfaces.

The Pd-Nb and Ag-Nb systems we consider are of ex-
perimental interest, but more importantly provide a jux-
taposition of two different types of bulk phase diagrams.
The Pd-Nb system displays strong compound formation,
while the bulk phase diagram for Ag-Nb indicates com-
pletely immiscibility and no intermediate compounds.
Contrary to naive expectations, neither of these types of
bulk phase diagrams favor pseudomorphic growth ("wet-
ting"). In the case of strong compound formation, one
should expect compound formation also at the interface,

thereby destroying the sharp interface and layer-by-layer
growth. While for Ag-Nb, and the better-known Cu-Ru
system, the noble metal does remain on the surface, pseu-
domorphic growth is still incompatible with the bulk
phase diagram alone. Clearly, minimizing the contact be-
tween the different components, as required by the bulk
phase diagram, is best done by forming large clusters or
islands of Ag or Cu, rather than growing pseudomorphi-
cally, which in fact maximizes the contact. Hence both
types of bulk phase diagrams that we are considering in
this paper discourage pseudomorphic growth. Obvious-
ly, the bulk phase-diagram behavior alone is not enough
to understand adlayer and multilayer formation for these
systems.

Several factors contribute to the energetics of multilay-
er systems. Consider a crystalline substrate of element 8
covered with a thick epitaxial layer of element A. Using
the elemental solids A and 8 as reference materials, the
heat of adsorption for such a layer is

~E =)' ~ ra+ 4+ ~—Est.

bE=2$+b,E„, . (2)

where y ~
—y~ is the difference in surface energy between

having a surface of element A rather than B. (In order
that the sohds exist, the separate surface energies y ~ z
are, of course, necessarily positive. ) b,E„, is the structur-
al energy, if any, in preparing A so that it lies in registry
with 8 and g is the energy associated with bonding at the
interface. In the case of a multilayer system, there are no
free surfaces and Eq. (1) becomes
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Here a factor of 2 enters, multiplying the g term, since a
unit cell of a multilayer system has two interfaces,
3 ~B~A. A multilayer compound may arise where
neither the 3 nor B strata conform to the atomic posi-
tions in elemental A and B. If so, there are then contri-
butions to AE„, from both 2 and B. There is some arbi-
trariness when dividing up the terms in Eqs. (1) and (2).
For example, should the atomic layer which is in contact
with the other atomic species at the interface be taken to
make a contribution to AE„, or should its entire binding
(or nonbinding) energy contributions be attributed to the
interface term P We use calculations for the energy of
the distorted elemental bulk metal compared to its stable
undistorted phase to define hE„„' we then, as a rule, ap-
ply that b,E„, to all planes in the multilayer (or adlayers
on the surface) in order to define g.

In the Pd-Nb system, it has been observed experimen-
tally' that Pd forms thick epitaxial layers on Nb(001) sur-
faces. In contrast, Pd forms only a single epitaxial layer
on the denser-packed Nb(110) surface, with subsequent
layers of Pd lying incommensurately. As will be shown,
these trends are already understood in terms of the bulk
energy contributions, g and b,E„„alone.

Ag forms several commensurate layers on top of
Nb(110). In agreement with experiment and the bulk
phase diagram, the calculated g's are positive, i.e., non-
binding. Thus, the surface terms in Eq. (1) must be re-
sponsible for the wetting of Ag on Nb. We show that the
surface energy of Nb, which is a positive energy cost as-
sociated with severing bonds at the surface, is sufficiently
larger than that of Ag to allow Ag to wet Nb despite the
fact that the two elements resist contact with each other.
The implication, of course, is that Nb resists wetting Ag
substrates. Surface energies thus produce a bias when
laying metal A on B and vice versa, which has serious irn-
plications for the construction of artificial multilayer ma-
terials.

The next section provides a brief discussion of the
total-energy calculations and this is followed by a discus-
sion of calculated results for ordered compounds and
bulk multilayers. It will prove useful to compare the
heats of formation obtained for the multilayers with
those deduced for competing ordered structures. Both
the energetics of the multilayer formation and the rela-
tionship to calculated charge-transfer terms and local
densities of states will be considered. While care must be
taken in viewing them, since any such sampling of the
charge at sites is hostage to the approximations used in
calculating them, such results offer insights into the
bonding which is occurring. After a discussion of the cal-
culated surface energies y for the bare elemental metals
(Nb, Ag, and Pd) and for monolayers of Ag and Pd on
Nb, we consider the implications of our results for the en-
ergetics and growth modes of interface formation.

While the present calculations do not explore all the
stacking possibilities, e.g., incommensurate stackings are
omitted, the energy terms derived allow one to rationalize
the observed behavior in the Nb-Pd and Nb-Ag systems.
This suggests that similar calculations, for systems which
have yet to be explored experimentally, would let one
predict the gross features of their behavior.

II. CALCULATIONS

The calculations for the bulk multilayers were done
employing the self-consistent, scalar relativistic, linear-
ized augmented Slater-type-orbital (LASTO) method in
much the same manner as was done previously for the
Pt-Ta layered system. Local-density, muffin-tin poten-
tials were used with common sets of atomic sphere radii
employed in different calculations whose total energies
were to be compared —different sphere radii, reAecting
the differences in atomic size, were used for Nb, Pd, and
Ag, respectively. This class of calculation as applied to
the elemental metals and to compounds has been de-
scribed in detail elsewhere. Sets of special k points were
used whose sizes were sufficient for generating densities-
of-states plots. Such k samplings are somewhat larger
than what is required for convergence in the total energy.
In the calculations which will be reported for Pd2Nb in
various structures, the experimental molecular volume
was employed, while c/a ratios and internal atomic coor-
dinates (placing one atomic layer relative to another)
were determined variationally. In the case of the
Pd Nb (or Ag Nb ) multilayers, where x ~ 2, the atom-
ic spacings of the base layers were kept equal to those of
Nb(001) [or (110)]so that comparison could be made with
the slab calculations. Nb-Nb interlayer spacings were
frozen at the values appropriate to bcc Nb while the Pd-
Nb and Pd-Pd (or Ag-Nb and Ag-Ag) layer spacings were
determined variationally in a calculation for PdzNb2 (or
Ag2Nb2). The same atomic spacings were then used for
the thicker multilayers, where x )2.

While the use of muffin-tin potentials for close-packed
elemental metals is known to be a reasonable approxima-
tion, it is perhaps less clear that interfacial energies of
layered structures can be accurately calculated within
this approximation. Previous comparisons between cal-
culations and experiment for compounds in various
structures demonstrated that accurate heats of formation
could be obtained using muffin-tin potentials for close-
packed compounds, including such intrinsically layered
structures as the CuAuI, MoSi2, and MoPt2 structures.
(For open structures like the A15's with intrinsically
lower symmetry, the calculated heats are in rather poor
agreement with experiment. ) Since the interfaces of the
multilayers are neither of lower symmetry nor worse
packed than these layered compounds, we would expect
similarly good interfacial energies as for the heats of for-
rnation of the compounds. Furthermore, since the vari-
ous energy terms that are of interest here are always cal-
culated as differences of total energies, there are
significant cancellations of errors. As is well known and
has been documented in the literature many times, it is
precisely this cancellation of errors that allows one to
compare results calculated using two different computa-
tional methods and/or levels of approximations.

Full-potential linearized augmented-plane-wave calcu-
lations (FLAPW) were used for the slabs. Employing
full, rather than muffin-tin, potentials implies a superior
treatment of the charge density and the associated crystal
potential which is crucial for the intrinsically lower sym-
metry associated with the surface. The calculations were
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done for slabs nine atomic layers thick with enough k
points for an accurate determination of the total energy
and density of states. A more detailed discussion of the
methods may be found elsewhere. For the (001) and
(110) faces of bcc Nb and fcc Ag and Pd, the spacings be-
tween layers were taken to be those of the bulk up to and
including the distance between the surface and subsurface
layers. In addition, calculations with monolayers of Pd
and Ag in registry on either side of a seven-layer slab of
Nb (001) or (110) were done. The interior Nb spacings
were those of bulk bcc Nb and for Pd/Nb (110), the ad-
layer spacing was determined variationally. The separa-
tion was somewhat less than what would have been ob-
tained based on atomic radii if those radii were attributed
to both Pd and Nb in bcc lattices at the observed atomic
volume. The effect of the variations was to improve the
total energy of a slab by & 0.05 eV per surface atom. The
Pd results were used as a basis for setting the Ag adlayer
positions without any variational search.

To separate surface and bulk energies requires taking
differences between several calculations. Obviously, to
get meaningful numbers, it is necessary that the various
calculations are done with consistent approximations and
are converged with respect to calculational parameters.
The required bulk and surface energies are derived from
the total energies of slabs of varying thicknesses (typically
seven and nine layers) assuming that the total energy for
an n-layer slab of an elemental metal is given by
E„=nE&„&&+2@,where E],„I], is the total energy per atom
in the bulk. To obtain the converged energy of an n-layer
slab, a series of self-consistent calculations at various
basis sizes (ranging from ~G

~

=10.2—16 a.u. ) was extra-
polated to infinite basis size, using both exponential and
power-law fits. These fits typically agreed to better than
1 mRy. A stringent consistency check on the conver-
gence of the calculations is a comparison of E&„&& deter-
mined for different crystal faces of the same element,
since the different geometries of the slabs yield different
convergence rates with respect to basis size, etc. For the
cases considered here, the agreement was within the ex-
trapolation errors. This consistency check was a strong
motivating factor, besides the intrinsic physical interest,
for determining the face dependence of the surface ener-
gy. We have neglected lattice relaxations in the calcula-
tions, but since these effects are only a few percent of the
surface energies, they will not change our conclusions or
numbers to the precision given later.

III. RESULTS: BULK PdxNb(& x)
AND Ag Nb( g ) COMPOUNDS

Pd2Nb is one of the stable phases of the Pd-Nb system
and forms in one of several competing layered crystal
structures which are closely related to the layerings of
concern here. There is the familiar c/a tetragonal distor-
tion of a fcc lattice which takes it into the bcc. This dis-
tortion' takes the MoSi2 structure [abb stacking of bcc
(001) planes] into the MoPt2 structure [abb stacking of
fcc (110) planes]. There is a less well-known orthorhom-
bic distortion which takes the stacking of bcc (001) planes
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FIG. 1. To the left: a unit ce11 of the MoSi2 structure inside a
larger cell with rotated axes with a view of that cell, as seen
from above, being shown to the upper right. The distortion of
the 1arger unit cell which takes the abb stacking of (001) bcc
planes in the MoSi2 structure into an abb stacking of close-
packed (110) layers of the bcc structure is shown in the lower
right.

into a bcc (110) stacking. This is illustrated in Fig. 1.
Thus one can continuously follow the energetics of the
Pd2Nb phase as a function of these distortions and ad-
dress such issues as whether close-packed bcc (110) layer-
ing is favored over the less close-packed (001) in the bulk.
Note there is no unique path taking one of the structures
into another. On going from MoSi2 to MoPt2 the ratio of
the z to the x lattice constant was held fixed, which corre-
sponds to maintaining the square symmetry of (010)
planes (which are square in both of the end compounds).
On taking the (001) bcc stacking of the MoSi2 phase into
the (110) bcc stacking, y of Fig. 1—the (010) plane
separation —was held fixed. This corresponds to the
least movement of the atoms on going from one structure
to the other.

The calculated binding energy per atom is plotted as a
function of these distortions in Fig. 2. The MoPt2 struc-
ture is calculated to be the most stable phase, in agree-
ment with experiment, though more stable by only a
modest amount relative to the MoSi2 structure. The bcc
(110) layering is significantly less stable and this is easily
understood. Pd and Nb tend to form compounds, and
stacking them in close-packed (110) layers minimizes the
number of Pd-Nb nearest-neighbor pairs, thus minimiz-
ing the bonding to be gained. The results of Fig. 2 con-
trast in several subtle ways with similar results obtained
previously for Pt2Ta —the 5d transition-metal analog of
Pd2Nb. First, the lowest calculated energy for Pt2Ta was
obtained for a y/x, corresponding to neither the MoPt2
nor the MoSi2 structure but instead to a distorted struc-
ture between the two; in fact, Pt2Ta forms in a distorted
phase. Secondly, Pt2Ta with the bcc (110) layering, un-
like Pd2Nb, was found to be locally stable though global-
ly unstable, i.e., Pt2Ta has a local total-energy minimum
in the vicinity of bcc (110) though both the MoSiz and
MoPt2 structures were lower in energy. This suggests
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that a metastable Pt2Ta(110) bcc phase, once constructed,
might exist while PdzNb would rather easily undergo a
distortion into the MoSiz, and in turn, the MoPtz struc-
ture.

The open circles in Fig. 2 correspond to the binding
energies of the phases where the (001) or (110} planes
were required to conform to the spacing of bcc Nb: this
requirement introduces a substantially larger energy cost
for the (110}stacking than for the MoSiz structure.

A tracing of the phase diagram of the Pd-Nb system,
as reported" by Moffatt, appears in Fig. 3 as do calculat-
ed heats for PdNb, PdzNb, and Pd3Nb in several assumed
structures. There is not complete agreement in the litera-
ture over some of the features of the phase diagram, in
particular as to whether a high-temperature PdNb phase
does occur. If it does exist, its structure (although un-
known) is thought to be fcc-like. The calculated heats for
PdNb in the ordered CsC1 and CuAuI structures lie
below the line drawn between the zero for pure Nb and
the heat calculated for Pd3Nb (or Pd2Nb). This implies
that these 50%-50% phases are unstable relative to a
two-phase mixture of pure Nb and Pd3Nb (or PdzNb) and
this is consistent with the phase diagram. To the extent
that the highest of the PdzNb heats lies on or above the
line drawn between Pd3Nb and pure Nb implies that
PdzNb is stable relative to a two-phase mixture of the
two. As already noted, PdzNb is calculated to be stablest
in the MoPtz structure, consistent with experiment.
Similarly, Pt3Nb is calculated to be stabler in the A13Ti
phase than in the Cu3Au to which it is structurally relat-
ed. The A13Ti structure is one of two phases reported for
Pd3Nb (the other phase has too large a unit cell to be
dealt with here). Thus the calculations are in accord with
the phase diagram, indicating that PdzNb in the MoPtz
structure and Pd3Nb in the A13Ti structure do exist.
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FIG. 3. A tracing of the phase diagram (Ref. 11) for the
Pd Nb& phase diagram plus calculated heats of formation for
PdNb, Pd2Nb, and Pd3Nb in some ordered structures. Note
that the MoPt2 and TiAl3 structures are the observed structures
at 2:1 and 3:1 compositions.
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FIG. 2. Heats of formation of Pd~Nb for distortions ofT' the
bcc-based MoSi2 structure. The left-hand panel takes this struc-
ture from the bcc (001) to the fcc (110) abb stacking of the
MoPt2 structure. The right-hand panel takes the MoSi2 struc-
ture with its (001) stacking to the close-packed (110) stacks, as
defined in Fig. 1. Here x and z have the meaning of Fig. 1. The
solid circles correspond to having the base plane dimensions as
well as the layer separations of the three end points —the
MoPt2, MoSi2, and bcc (110) structures —determined variation-
ally while the open circles were obtained requiring the bcc (001)
or (110) planes to have the dimensions characteristic of bcc Nb.

Normally one expects the largest heats of formation in
an alloy sequence to occur at 50%-50% concentration,
where there will be the largest number of unlike-atom
nearest-neighbor pairs, which maximizes bonding. This
is not the case here: consistent with many Pd and Pt al-
loy systems, the heat of formation per atom is larger at
Pd3Nb than at PdzNb, while that for PdzNb is larger
than that for PdNb. Inspection of the calculated densi-
ties of states for such compounds indicates that large
heats occur when alloying causes the d band of Pd or Pt
(or, for that matter, Rh, Ru, Ir, etc. ) to be filled so that
these levels may goat free of the Fermi leuel, thus increas-
ing their efFectiveness in bonding. The band filling, of
course, involves the hybridization of Nb wave-function
character into the predominantly Pd-like "d bands. "
This band filling occurs as readily for Pd3Nb as it does
for PdNb and this appears essential to the skewing of the
heats in favor of the Pd-rich end. (In the split-band case
of concern here, the states in the lower Pd- or Pt-like
bands are obviously bonding with respect to Pd and Nb.
The energy competition is then between the loss of Nb-
Nb bonding versus the gain in Pd-Nb bonding. Con-
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sistent with this idea, the Fermi level for larger Nb con-
centrations does fall higher in the partially filled Nb-like
"antibonding" bands. )

Heats for AgNb and Ag3Nb are reported in Fig. 4.
These are all nonbonding, which is consistent with the
known phase-diagram behavior, and they suggest a simi-
lar skewing, though for heats of opposite sign, to that seen
for Pd-Nb.

IV. RESULTS: Pd„Nb„AND Ag„Nb„
MULTILAYERS

As has already been noted, the multilayers have been
taken to have in-plane atomic positions which are charac-
teristic of bcc Nb, while the M-M and M-Nb (M being Pd
or Ag) spacings between planes are obtained variationally
for the M2Nb2 two-on-two multilayers. The M-M spac-
ings can then be employed in bulk calculations of Pd or
Ag alone in order to obtain the distortion energy AE„,.
For Pd, AE„,= +0.12 and +0.24 eV per atom relative to
fcc Pd for Pd-Nb (001) and (110) stackings, respectively.
AE„, is energetically important to the adsorption of Pd
and Nb(110) while for Pd on Nb(001) it is much less
significant —perhaps the best sense of energy scales is pro-
vided by noting that the competing surface energy' y of
liquid Nb is ——, eV per atom greater than that for liquid
Pd (see Sec. V). The Pd-Pd separations imply Pd atomic
volumes which are roughly one percent smaller than that
of fcc Pd, i.e., volume has been approximately conserved.
Pd-Nb separations of 2.788 and 4.019 a.u. were obtained
for the (001) and (110), respectively. Whether these are
deemed to represent chemical contractions or expansions
depends on how they are viewed. If one again invokes
volume, attributing to Pd a Pd-Pd spacing yielding the
observed fcc Pd volume, one could take the average of
this spacing and that characteristic of bcc Nb as a refer-

ence Pd-Nb distance. Doing this, one obtains that Pd-
Nb(001) has sustained a 2% contraction and Pd-Nb(110)
a 0.5% expansion. If instead, one defines atomic sphere
radii for bcc Pd and Nb (the Pd again having been as-
signed the fcc volume) and defines reference Pd-Nb spac-
ings so that atomic spheres touch, one concludes that
Pd-Nb(001) has sustained a 1% contraction and the (110)
a 5% contraction. Thus the (110) has sustained either a
slight expansion or a significant contraction depending on
how the matter is measured. While it has been rather
common practice to use touching sphere arguments when
discussing adsorbed monolayers on surfaces, it might be
argued that for the bulk metallically bonded systems of
concern here, the volume arguments are more appropri-
ate. Thus, using volume arguments, the (001) Pd-Nb in-
terface [which is more strongly bound than the (110) in-
terface] is contracted, while the (110) shows a weak ex-
pansion.

The Ag-Ag spacing, obtained in the equivalent
Ag Nb2(110) calculation, corresponds to about a 9%%uo

atomic-volume contraction. The deformation energy is
slight compared with those for Pd, as can be seen from
Fig. 5. In the left-hand panel Ag is taken from the unde-
formed bcc structure, at the fcc atomic volume, to the
distorted structure having the Nb(110) planes and the
planar spacing obtained from AgzNb2. The right-hand
panel then follows the energy of the system as a function
of layer spacing from the AgzNb2-based value out to a
value so that Ag has its fcc atomic volume. All the ener-
gies of Fig. 5 are small on the scale of the other terms ap-
pearing in Eqs. (1) and (2). It appears that the Ag2Nbz-
based Ag-Ag separation and associated volume are
markedly smaller than those characteristic of bulk Ag.
The surfaces of many metallic systems suffer contractions
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FIG. 5. The binding energy of metallic Ag as a function of
distorting it off of the bcc structure (which has been assigned
the observed atomic volume of fcc Ag). (a) Orthorhombically
distorting bcc Ag so that it has layers with dimensions charac-
teristic of Nb(110) planes, where the separation between layers
is the Ag-Ag separation obtained variationally for the
Ag2Nb2(110) system. (b) The orthorhombic structure with its
Nb(110) base planes, where the e axis is varied (corresponding to
varying the planar separations). The right-hand point corre-
sponds to an atomic volume equal to that of fcc Ag.
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of the outermost atomic layer, which is attributable to
the layer's lower atomic coordination. A similar effect
may be occurring here: the Ag2 slab does not have vacu-
um to either side of it in the Ag2Nb2 sample but instead
has, as will be seen below, ill-bound Nb neighbors.

The top panel of Fig. 6 displays the heat of formation
per atom AE for the three multilayer systems as a func-
tion of multilayer thickness. The (001) Pd-Nb multilayers
are still significantly bound at Pd6Nb6 while the binding
of Pd-Nb(110) has gone to zero by P13Nb3. These trends
are consistent with the experimental situation concerning
the adsorption of Pd on Nb, where thick epitaxial layers
of Pd form on Nb(001) but only a monolayer on Nb(110).
Note that our multilayers involve two interfaces in a unit
cell, thus the (110) stacks go to zero b,E with only 1 —,

' lay-

ers to either side of an interface. The Ag Nb, system is
nonbinding, consistent with phase-diagram behavior. It
should be noted that in the limit of infinitely thick layers,

bE~bE„,j2, (3)

since the interfaces are sparse and half the system is
undistorted Nb while the other half is distorted Pd or Ag.
The dashed lines of the figure are these asymptotic values
and we see that even the thickest of the calculated multi-
layers is still far from this "thick" regime.

Given AE and AE„„ the interface energy may be es-
timated:

g = n ( bE bE„,)I2—, (4)

where, unlike Eq. (2), the n multiplies the right-hand side,
since these terms have now been defined per atom. The
results are plotted in the bottom panel of the figure.
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FIG. 6. Top panel: the binding energies, per atom, of
Pd„Nb, {001),Pd Nb {110),and Ag Nb„{110)multilayers as a
function of multilayer thickness. The dashed lines are the
asymptotic AE for the limit of infinitely thick multilayers {see
text). Bottom panel: g', the energy per atom pair in an interface
obtained by subtracting the calculated distortion energies AE„„,
for all Pd {or Ag) layers in a multilayer from the multilayer
binding energy.

With the possible exception of Pd-Nb(110), these g do not
appear to have converged to an asymptotic result—
though the exact values of the g and whether they have a
fixed value, as a function of multilayer thickness, depends
on a detailed balance of the two terms on the right of the
equation. The g for Pd-Nb(001) is binding, i.e., g is nega-
tive, and a factor of more than 2 greater than that for
Pd-Nb(110). The less close-packed (001) stacking allows
more unlike nearest Pd-Nb neighbor pairs and hence,
since these neighbors tend to bond, has the larger inter-
face energy. Since g is, in efFect, the bonding energy asso-
ciated with the pair of atoms in the interface, while the
heats of formation of Fig. 3 are defined per atom, the
bonding energy in the Pd-Nb(001) interface is comparable
to the heats of the Pd2Nb and Pd3Nb compounds and
greater than the heats for PdNb. Consistent with bulk
phase-diagram behavior, g for Ag-Nb is nonbonding and
the heats are of the order of the heats obtained for Ag-Nb
in Fig. 4. A limited number of calculations have also
been done for Ag-Nb(001), yielding a bE„, which is
essentially zero valued and a g of + 1.5 eV per atom pair.
For both Ag and Pd on the Nb(001) surface, with more
bonds across the interface than on the (110) surface, g is
larger in magnitude than for the (110) case. While this
represents an increase in bonding for Pd, for Ag it
represents an increase in nonbonding, i.e., a larger, more
positive g.

Of all the multilayer systems studied in this paper, only
for Pd-Nb(110), which has the smallest interface and the
largest distortion terms, does the AE„, play any substan-
tial role in the energy balance. While the adsorption of
Pd on Nb is (surprisingly) well described in terms of these
bulk energy terms alone, this is not the case for Ag-Nb.
The bulk Ag-Nb terms are consistent with bulk phase be-
havior, as they ought to be, but are not consistent with
the observed Ag adsorption. Thus the surface-energy
contribution must play a role, causing Ag to wet Nb rath-
er than clustering. From Fig. 6 it would appear that this
term must be substantial.

One measure of the bonding is the charge transfer on
or oQ' an atomic site. Values of the change in the total
electronic charge for atoms in the layered compounds
compared to the charge in the elemental metals are plot-
ted in Fig. 7. The charge transfer is off of Nb and onto
Pd and Ag, consistent with electronegativity ideas. The
charge transfer is largely associated with the Nb in the
interface; those Nb atoms not at the interface suffer little
transfer. This contrasts with the Pd and Ag layers, where
the charge perturbation penetrates deeper. Larger
transfer is seen for Pd-Nb(001) than for the more weakly
bound Pd-Nb(110); however, the greatest transfer is en-
countered in nonbonding Ag-Nb. The transfer associated
with the d-like component of the charge is plotted in Fig.
8, the most striking feature of which is the near-zero
transfer at Pd sites. This is a characteristic of Pd or Pt
compound formation: alloying is accompanied by a
filling of their "d bands" which is accommodated by a
hybridization of non-d character into the occupied d-
band states. These d bands, with d and non-d com-
ponents hybridized into them, are chemically active but
with a near-zero net d transfer causing a near-zero
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individual sites in the multilayers. The calculations and nota-
tions follow those of Fig. 5.

Coulomb shift of the levels. Despite Ag and Nb being
more poorly bonded to each other than to themselves, the
Ag site An and End are characteristic of what is encoun-
tered in noble-metal alloy formation, ' i.e., the d-electron
count drops because of the hybridization of non-d char-
acter into the filled d bands and thus d-electron loss is
compensated by an even larger increase of non-d charac-
ter at the Ag site. As a result the net charge transfer is
opposite in sign to that of the d. The other case of large
b, nd occurs for the interface Nb sites in Nb-Pd(001), the
multilayer undergoing the largest favorable bonding.
Here the net and d charge transfer are of the same sign
and magnitude. The 4n and And remain of the same
sign, but are smaller in magnitude in Pd-Nb(110), while
in nonbonding Ag-Nb(110) there is little change in the in-
terface Nb d count attending the rather substantial net
loss in charge. Another measure of the net charge
transfer is the chemical shift in core electron energies.
This will be discussed in a subsequent paper.

Local densities of states p(E) for the different atomic
sites are given for Pd6Nb6(001), Pd3Nb3(110), and
Ag3Nb3(110) in Figs. 9, 10, and 11, respectively. To the
right of each figure are the densities of states of bcc Nb
and of the elemental Pd or Ag metal with the appropriate
Nb planar spacing and distance between planes. The ele-
mental Pd(001) and (110)p(E) are very different from one
another and from that of fcc Pd. (When making compar-
isons between plots, note the changes in vertical scales. )
Common among the plots is the tendency for the metal
layers furthest from the interfaces to have p(E) most
resembling the elemental behavior.

Consider the Nb p(c, ) of Fig. 9. The interface Nb
differs from the others in two ways: first, there is a sharp
peak —1 eV above the Fermi level c,F, and second, there
is a depletion of states 0—2 eV below cF. Both of these
features occur in less-pronounced form for the interface
Nb in the Pd3Nb3(110) of Fig. 10. The peak above E~ ap-
pears as well in surface calculations for bare Nb and for
Nb with a monolayer of Pd atop. The peak is associated
with having a Nb surface or interface. From Figs. 9 and
10, it appears to be more pronounced with the stronger
Pd-Nb bonding of the (001) stacking. The loss in Nb d
character in this stacking (cf. Figs. 7 and 8) is related to
the depletion in p(c, ) just below e~. Pd-Nb(110) with its
weaker bonding displays a similar, but weaker, depletion.

The interface peaks above cF are also seen in the Pd
p(s) of Figs. 9 and 10. From the relative amplitudes of
the peaks it is clear that the states are primarily Nb-like
although with significant Pd character hybridized in.
Vestiges of the peaks are seen for Pd's and Nb's away
from the interface: this state is not completely localized
at the interface. The more striking feature of the inter-
face Pd's p(e) is the redistribution of states from just
below cF in the undisturbed Pd to the middle and lower
part of the Pd bands with little, if any, chemical shift in
the position of the lower bands. Thus both the Pd and
Nb p(E) show a depletion of states in the same energy re-
gion, but the Pd states are shifted downwards while the
Nb states are shifted above EF. The (bonding-
antibonding) hybridization responsible for redistribution
of states at the interface is at the root of the Pd-Nb bond-
ing.

The situation is different for the Ag-Nb multilayer
where the Nb surface peak is suppressed (a situation also
seen in slab calculations) and there is no depletion in the
interface Nb p(s) just below EF. Instead there is some
buildup in Nb p(s) in the vicinity of the Ag d band 4—6
eV below cF and there is a definite depletion in the densi-
ty of states 2—4 eV down. Figures 7 and 8 indicate a
large drop in Nb interface site charge which, unlike that
in the Pd-Nb multilayers, is non-d in character. This
would appear to be associated with the depletion 2 —4 eV
down. The Ag d-band structure 6—8 eV below cF seems
largely unaffected on going to the interface, while the
higher-lying p(E) has been severely affected, having been
largely removed from the same —2——4 eV region from
which the Nb depletion also occurred. Naively, such a
redistribution of the density of states would presage sub-
stantial Ag-Nb bonding. This increase in Ag-Nb bond-
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ing, however, comes at the expense of Nb-Nb, and to a
lesser extent Ag-Ag, bonding energy. '

V. SURFACE ENERGIES OF THE LIQUID
METALS: IMPLICATIONS

While experimental surface energies are not, as a rule,
available for specific crystal faces, they do exist' for the
liquid metals tabulated as a function of surface area. As-
suming atomic densities appropriate to the (001) and
(110) planes of Nb, one obtains the surface energies per
atom given in Table I. The range in y(Nb) reffects the
range in quoted experimental values.

Inspection of Fig. 4 shows that in the case of Ag-
Nb(110), the wetting of Nb by Ag is not favored, due to
the interface and deformation terms, by an amount of
-0.7 eV per atom. The difFerence in yL between Ag and
Nb indicates a lowering in surface energy of -0.5 eV per
atom by having a Ag rather than Nb surface. This ener-
gy gain is not quite enough to cancel the interface energy
but is so close as to suggest that a more careful account-
ing of the reduction in surface energy associated with ad-
sorbing Ag of Nb might compensate the unfavorable Ag-
Nb bonding. It will be seen that the liquid yI underesti-
mate the y appropriate to crystalline faces. The surface
calculations of the next section will address this issue.

Even though the g' and b,E„„ terms alone appear to
provide a satisfactory description of the adsorption ener-

VI. RESULTS: ELEMENTAL CRYSTALLINE
SURFACE ENERGIES

Calculated surface energies for various faces of crystal-
line Nb, Ag, and Pd appear in the first columns of Table
II. As discussed in Sec. II, both the energy per atom in

TABLE I. Liquid-metal surface energies in eV/atom assum-
ing atomic densities appropriate to the Nb(110) and Nb(001)
surfaces.

y, (Ag)
yL, (Pd)
y, (Nb)

Nb(110)

0 44
0.71

0.91—0.96

Nb(001)

0.63
1.00

1.29-1.36

getics of Pd on Nb (001) and (110), the diff'erence in
yL(Nb) and yz (Pd) suggests that the surface-energy
difFerence of Eq. (1) is of significance here as well. Furth-
ermore, if the surface-energy difference encourages the
adsorption of Ag and Pd on Nb, it discourages the wet-
ting of Nb on Pd and Ag. From the magnitudes of the
heats of formation obtained for the Pd-Nb compounds,
we would predict that adsorbing Nb on Pd will lead to
compound formation rather than layer-by-layer growth.
Experimentally' compound formation for Nb on Pd ap-
pears to be the case. The skewing of the heats (see Fig. 3)
suggests that Pd-rich compounds will likely be formed.
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TABLE II. Surface energies y.

Tyson and Miller Mezey and Giber'
Present calculations Smith and Banerjea' y (J/m ) y (J/m )

Surface y (eV/atom) y (J/m ) y (eV/atom) T=O T=O
Expt. d

y (J/m )

Liquid metal

y (J/m )

Nb(110)

(001)

Ag(001)
(110)

Pd(001)
(110)

1.4

2.1

0.7
1.0

1.1
1.7

2.9

3.1

1.3
1.4

2.3
2.5

0.85
1.13

2.65

1.24

2.00

3.10

1.38

2.17

2.44, 2.8, 1.5(001),
1.4(110), 4.9(001),
5.0(110)

1.32, 1.54

1.90

0.92

1.47

'Reference 16.
Polycrystalline, Ref. 17.

'Polycrystalline, Ref. 18.
Polycrystalline, unless otherwise noted, Ref. 19.

the bulk and surface energy y were derived from the total
energies calculated for varying slab thicknesses. The
second set of results are theoretical estimates' also based
on local density theory for Ag and are in reasonable ac-
cord with our results. The next two sets of results may be
deemed semiempirical in nature: Tyson and Miller es-
timated' crystalline y based on liquid surface tension
data while Mezey and Giber made estimates' based on
enthalpies of atomization. For the most part, the experi-
mental results' are not obtained much more directly
than the semiempirical estimates. Where appropriate, all
these results are corrected to zero temperature, ' to
which the present results are appropriate.

The various estimates are in semiquantitative agree-
ment with one another and with experiment. (The scatter
in the estimates is less than that in the experiments. ) The
liquid metal y are markedly smaller than the crystalline
values as might be expected since they are, in effect,
high-temperature values. '

The calculations show the closer-packed crystalline
faces to have the smallest y as expected from simple
bond-cutting arguments. While clearly such arguments
are not correct in detail, it is still of interest to see wheth-
er the physical trends can be understood in a simple—
perhaps oversimplified —physical picture. Creating a
close-packed surface involves the loss of fewer nearest
neighbors than does creating a more open surface. View-
ing y as the energy cost associated with the loss of bond-
ing at the surface, y should scale with the number of
bonds cut when creating the surface. For the fcc lattice,
a (001) surface involves the loss of 4 of 12 nearest neigh-
bors, while a (110) surface involves the loss of 5 of 12
nearest neighbors. Thus, to first approximation, one ex-
pects y(110) to be —,

' y(001) and this is roughly so.
Consideration of the bcc lattice is complicated by the

question of whether one counts the eight closest neigh-
bors alone or the six additional slightly further neighbors
as well. Thus, forming a (001) surface involves the loss of
4 of 8 (or 5 of 14) nearest neighbors, while for a (110) sur-
face there is a loss of 2 of 8 (or 4 of 14). For Nb,

y(001)/y(110) lies between —,
' and —,', consistent with the

view that the six slightly further neighbors also make an
important, though weaker, bonding contribution.

Our results for y show less variation between faces, on
the order of 10%, when considered per unit area. This is
the appropriate choice of units when considering equilib-
rium crystal shapes, etc. If there were no face depen-
dence in y, i.e., jellium, then the equilibrium crystal
shape would be a sphere because this would minimize the
surface area and hence the total surface energy. Since the
majority of elements do grow rather spherically, we
would expect only small variations in energy per unit
area. When comparing to bulk properties such as heats
of formation, however, energy per atom is a more useful
number.

The small variation with crystal face in y given per
unit area can also be rationalized in terms of bond cutting
since the area per atom and the number of cut bonds are
(inversely) proportional. In all the cases that we have
considered, the closer-packed surface also has the lower

y per unit area as one would expect when the directional
bonding is included. [Our results in this respect disagree
with Smith and Banerjea' for the case of Ag. For Nb,
experiment' is inconsistent as to whether the (001) or
(110) face has the larger or smaller y per unit area; our
results are consistent with the naive expectation. ] While
it is likely that most elemental systems will behave in this
manner, there could be exceptions, especially in the case
of compounds.

VII. RKSUI.TS: ADHESION ENERGIES
OF Pd AND Ag ON Nb

Total energies E& and densities of states have been ob-
tained from monolayers of Pd and Ag on either side of
slabs of Nb. The densities of states will be reported else-
where, where the spectroscopic behavior of such systems
will be considered. These densities of states distinctly
resemble those seen for the bulk multilayer with their in-
terface states just above the Fermi level. It is useful to
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b,E„=—,'ET(M/Nb) —[—,'ET(Nb)+E(M)], (5)

where the slab total energies ET have been multiplied by
—,
' since a slab has two surfaces, each with (or without) an
adlayer of atom M. The Ez. are defined for a unit cell of
the slab involving a single column of atoms, and E(M) is
the total energy per atom in bulk M. Similar to Eq. (1),
one may define a surface energy associated with metal M
adsorbed on Nb, namely

y(M /Nb ) = —,'ET(M /Nb) ——E(Nb) —E(M)
2

define an adhesion energy AE~, which is the difference in
energy between a Nb surface covered by a monolayer of
M (Pd or Ag) and a bare Nb surface plus a ball of bulk
metal M whose energy is characteristic of an atom M im-
mersed in the bulk, i.e., neglecting the (positive) surface
energy of M. This quantity is

Ag in a geometry which is different than the surfaces of
elemental Pd or Ag. There is, of course, no reason that
the energy terms of Eq. (6) must yield the elemental sur-
face energy at monolayer coverage and we would be
surprised if indeed they were the same. Nevertheless, it is
interesting to note that to bring y(M/Nb(110)) into line
with the elemental metal values requires substantially
larger and more negative g's than appear in Fig. 6. In the
case of Pd-Nb(110) this would require values which
would then be somewhat larger than the heats of forma-
tion calculated for the ordered Pd-Nb(110) compounds;
Ag-Nb(110) would require a negative g, i.e., bonding at
the interface, contrary to the bulk phase diagram. The
small value of y(Ag/Nb(001)) is due mainly to the large
and positive (1.5 eV) interface energy. The reason that
the magnitude of g is larger for Ag of Nb(001) than on
Nb(110) is again the same as for Pd, i.e., the number of
unlike neighbors, but now the term is nonbinding.

From Eq. (6) we can define a difference surface energy
as

=b E~ +y(Nb) —
g
—hE„, , (6)

by I=y(M /Nb ) —y (M)
where n is the number of Nb layers in the slab. Both
b,E„and y(M/Nb) are reported in Table III.

The AE~ listed in Table III are all negative, implying
that it is energetically more favorable to cover Nb with a
monolayer of Pd or Ag than it is to have the bare Nb sur-
face plus a lump of bulk Pd or Ag. (Including the surface
energy of the metal ball would make adhesion even more
favorable. ) The adhesion energies for the Ag and Pd on
the two different Nb faces show only a small variation per
unit area. As discussed above, such a small face depen-
dence is expected if the adsorption process is one of
finding equilibrium crystal shapes. That this argument is
appropriate in the case when there are additional con-
straints on the system such as crystal orientation is not
clear a priori. That the results do indeed show only a
small variation between faces suggests that for monolayer
coverages, at least, Ag and Pd will grow uniformly and
pseudomorphically on free Nb particles.

For Ag and Pd on the Nb(110) substrate, as well as for
Ag/Nb(001), the y(M/Nb)'s of Table III are smaller
than the corresponding y(M)'s of Table II. For
Pd/Nb(001), however, y(M/Nb) is larger than that for
pure Pd. Naively one might expect that y(M/Nb) and
y(M) should be equal; in the limit of infinitely thick cov-
erages, this must be true. These differences between
y(M) and y(M/Nb) are associated in part with the fact
that the surfaces here involve only a monolayer of Pd or

=b E„+[y(Nb ) —y(M) ] g hE„—, . —

Since b,E„,~0 and bE„(0 [necessary for a smooth in-
terface and thus for y(M/Nb) to be defined], these terms
will always favor Ay~ & 0. For M= Ag, Pd, the
difference in elemental surfaces energies give a positive
contribution to AyM. The difference between Ag and Pd
is the sign of g: the nonbinding of Ag forces hyM nega-
tive, while for Pd, g increases the positive difFerence in
effective surface energies of the adlayer versus the pure
material. Thos it is not surprising that hy~ &0 for both
Nb substrates. For Pd, the difference in g between the
two substrates accounts for the difference in Aypd, the
significantly larger g of Pd-Nb(001) compared to Pd-
Nb(110) ( —1.3 versus —0.8 J/m ), as well as the smaller
distortion energies for Pd/Nb(001) (0.2 versus 0.5 J/m ),
make Aypd&z&[00&] & 0. These values of Ay~ have impli-
cations for multilayer growth. As was discussed earlier,
if the substrate's surface energy is greater than the
adlayer's, then the surface terms will favor wetting of the
surface. Similarly, we can ask what happens when the
first adlayer is complete and more atoms are adsorbed:
will this layer now wet? For the second layer, /=0 in the
simplest approximation, since now the bonding is to like
atoms. The adsorption energy of the second layer, AE2,
should be approximately

TABLE III. Calculated adhesion and "surface" energies for adsorbed monolayers on Nb. (The con-
version between eV/atom and J/m was done before rounding either value; the apparent inconsistencies
of the values in different units are due to rounding to the precision shown. )

Surface
Adhesion energy hE~

eV/adatom J/rn
Surface energy for adlayer, y(M/Nb)

eV/adatom J/m

Ag/Nb(110)
Pd/Nb(110)
Ag/Nb(001)
Pd/Nb(001)

—0.3
—0.7
—0.4
—0.9

—0.5
—1.4
—0.6
—1.3

0.4
0.9
0.2
2.0

0.8
1.9
0.3
2.9
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&E2 =y(M+M/Nb) y—(M/Nb)+ b E„„
=y(M) —y(M/Nb)+ DE„,
= —hy +DE„, .

This equation predicts that Pd/Nb(110), Ag/Nb(110),
and Ag/Nb(001) should form only a single adlayer, since
bE2) 0 (XAAM (0), whereas for Pd/Nb(001), b,Ez (0,
and thus more layers could wet. This trend is in agree-
ment with the experimental results. For EE2) 0, we do
not expect wetting, but rather other behavior, such as
compound formation or clustering, depending on the de-
tails of the system. It is clear that Eq. (8) is an
oversimplification, since only two layers would ever wet if
it were strictly valid, since EE„,)0. [If b,E„,=O and
y(M)(y(M/Nb), then infinitely thick layers would be
possible. ] What has been neglected is the fact that g (cf.
Fig. 6), as well as the surface energy, is layer dependent.
The only case for which g is approximately layer indepen-
dent, and thus satisfies the conditions of Eq. (8), is
Pd/Nb(110), where experimentally only one layer adsorbs
epitaxially, consistent with our calculations. For
Pd/Nb(001) it is likely that g will give an additional con-
tribution favoring thick multilayer formation. Thus we
see that the experimentally observed adlayer behavior is
an interplay of surface and bulk properties.

VIII. DISCUSSIQN

In this paper we have considered the energetics of Pd-
Nb and Ag-Nb multilayer and adlayer formation. The
possibilities have not been completely explored since nei-
ther incommensurate multilayers nor adlayers were ad-
dressed. Nonetheless, dividing the energetics into distor-
tion, interface, and surface-energy contributions allows
one to draw conclusions and make predictions. For ex-
ample, although the distortion energy is smaller in mag-
nitude than the other terms, its magnitude provides im-

portant clues concerning the tendency towards pseu-
domorphic growth. We find 0(hE„, [Ag:Nb(110)]
(bE„,[Pd:Nb(001)] (bE„„[Pd:Nb(110)]. Since bE„, is

an energy cost, we would expect that experimentally the
tendency to have incommensurate adlayers increases
along this sequence. This appears to be the case.

Combining the surface- and interface-energy contribu-
tions with the heats of formation of some ordered com-
pounds allows further predictions to be made. Surface-
energy considerations encourage Pd and Ag to cover a
Nb substrate. While we have not done calculations for
Nb covering either Pd or Ag, we can anticipate the re-
sult: Nb will tend not to wet an Ag surface, and will be
more likely to form compounds than to cover Pd mona-
tomically. In making these statements, we presume that
the surface-energy loss associated with forming an ener-
getically favorable compound would be preferable to the
loss associated with covering Pd with pure Nb. From
Fig. 3 one would expect these compounds to be Pd-rich,
provided the kinetics of atomic rearrangement at the sur-
face allow it.

The results seen for bulk Pd-Nb compounds in Fig. 3

are at first glance surprising in that the heats are heavily
skewed in favor of having Pd-rich compounds. Naively
one might expect to have the largest binding at 50%-50%
concentration, where one can maximize the number of
unlike nearest-neighbor atom pairs. This skewing has
been seen in calculations for Pd alloyed with Ti, Zr, and
Hf as well and appears to be associated with having the
Pd d bands filled upon alloying. Once filled, these bands
may Aoat free of the Fermi level so as to maximize the
bonding. This filling occurs when Pd is in the majority
by as much as a 3:1 factor and its effect on the heat of
formation is even more pronounced than at 50%-50%
concentration.

Densities of states for the multilayers were considered
in Figs. 9—11. As already discussed, distinct features of
the bonding are illustrated particularly when taken with
the charge-transfer counts hn and And. One notable
feature is the Nb-like peak which lies 1 —1 —,

' eV above the
Fermi level in what is a hollow in the density of states for
bulk bcc Nb. The local densities of states indicate that it
is an interface state largely localized on the Nb and Pd
(or Nb and Ag) interface atoms. This feature is most pro-
nounced for the Pd/Nb(001) multilayer, less for
Pd/Nb(110), and least for Ag/Nb(110), i.e., it is most
pronounced when the interface binding g is greatest. Al-
though not displayed here, this peak also appears in the
densities of states for adlayers of Ag or Pd on Nb surfaces
and it has been seen experimentally. ' This feature is also
present ' for the bare Nb surface, though less strongly lo-
calized than for the adlayers. As expected for the shift of
an unoccupied "antibonding" state, the peak is chemical-
ly shifted by ——,

' eV further above the Fermi level on go-
ing from bare Nb to an interface. These interface states
can be important to the binding of an interstitial atom,
such as H or B, at an interface or grain boundary as well
as to the binding of an atom or molecule to the surface of
Nb with or without a metal adlayer such as Pd.

We have also estimated surface energies for several
crystal faces of Nb, Ag, and Pd, where we reaffirm the ex-
pectation that the close-packed surfaces have the smaller
surface energies whether measured per atom or per unit
area. The smaller y can be understood simply by the fact
that forming a close-packed surface breaks fewer bonds
than a more open one. The small variation in y per unit
area can be rationalized both in these terms as well as
small perturbations on the jellium model of metals, im-
plying that Ag, Pd, and Nb will all have rather spherical
equilibrium crystal shapes. It should be noted that the
agreement between the various a priori and semiempiri-
cal estimates of y is better than the agreement among the
various experimental values.

By considering two transition-metal systems with
different types of bulk phase diagrams, the strong
compound-forming Pd-Nb system, and the complete im-
miscibility of Ag-Nb, we have shown that the surface-
energy terms can strongly modify the energetics of ad-
layer adsorption to the extent of giving behavior ap-
parently in disagreement with the bulk phase diagram.
This interplay of surface and bulk terms is important in
determining the growth of multilayer and adlayer metal-
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metal materials. For a system in which the dominant at-
tractive term is the bulk interface energy [Pd/Nb(001)]
and is comparable to bulk heat of formation (strong com-
pound formation), it is not surprising that the energetics
can be described reasonably well by bulk terms alone.
For the cases when the difference in surface energies is of
the same scale or larger than the other bulk contributions
(weak compound formation), a detailed accounting of
surface terms is essential in order to describe the adlayer
behavior.

Finally, we comment on what conditions are favorable
to multilayer formation. From the results of this paper,
it is clear that in order to form coherent multilayers (su-
perlattices), one would like to use materials with nearly
equal surface energies and small distortion energies. If ei-
ther of these energies is large, pseudomorphic growth of
at least one of the two interfaces (M&/M2 or Mz/M& )

will be suppressed. Likewise, to avoid interdiffusion of

the metals at the interface, the interface energies should
not be too large or heavily skewed. Not surprisingly, the
condition that the surface energies are approximately
equal means that the bulk phase diagram will govern
both the overall energetics (as it must, since the multilay-
ers are bulk systems) as well as the layer-by-layer growth.
Thus, good systems for growing multilayers are those in
which the surface contributions to the energetics are min-
imized and the growth can be understood from the bulk
properties.
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