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Abstract

Molecular dynamics simulations of Ag films equilibrated on Ni have been performed for 12
different Ni substrate orientations. The results show that well-equilibrated films display several
different orientation relationships (ORs) depending on the Ni substrate orientation: cube-on-cube,
twin, oct-cube, and a series of special ORs that are a consequence of the oct-cube OR that
develops on Ni(100). It is found that an important feature displayed by the observed ORs is the
alignment of the step edges of the Ag film with those of the Ni substrate at the interface. Such
alignment is initiated during film formation, but also tends to produce minimum energy
interfaces between film and substrate. This feature of hetero-epitaxy and of the resulting ORs has
not previously been emphasized.
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1. INTRODUCTION

The orientation relationship (OR) that develops between an equilibrated film and its
underlying substrate is not generally predictable. This is still true, in spite of the large research
effort that has been expended on the subject because of its importance in a wide range of
technological applications. Even when efforts have been made to equilibrate the deposit on the
substrate, so as to eliminate effects due to deposition kinetics, the resulting ORs can be difficult
to anticipate.

Much of the research performed to date on hetero-epitaxy and the related ORs of a film
on a substrate has focused on relatively simple, low index crystallographic substrate orientations,
so that the available information on ORs has been rather limited. Recent experimental advances,
such as electron back-scatter diffraction (EBSD) in a scanning electron microscope, have made it
possible to probe the ORs displayed by a film of a given material A on a particular
polycrystalline substrate B, thereby allowing a large range of ORs to be studied on a given
combination of a film/substrate system, under identical experimental conditions (see for example
ref [1]). The work described in the companion paper [2], reports on the ORs that are observed by
EBSD when a face centered cubic (FCC) film of a metal A is equilibrated on ~200
crystallographically different surfaces of the polycrystalline substrate of another FCC metal B. In
this paper, we describe the results of modeling the ORs that develop between the same film and
substrate materials for 12 different substrate orientations by molecular dynamics simulations. As
will be shown, the combination of experiments and modeling provide important insights into the
mechanisms by which the observed ORs develop.

In order to understand the factors which govern hetero-epitaxy, and the OR of a thin film
of A on a B substrate, many different A-B systems of different structure and lattice parameter
have been studied over several decades, from both experimental and a theoretical points of view.
These studies have aimed to understand how the lattice mismatch between film and substrate can
be accommodated so as to minimize the elastic strain energy in the abutting phases at the
interface. One may classify the studies by substrate topography: either the substrate surface is a
flat (i.e. step-less) low index terrace, or the substrate surface also contains steps.

On flat surfaces of B, films of A may be coherent, where the lattices of A and B are
strained so as to eliminate the mismatch, or they may be semi-coherent and contain misfit
dislocations which minimize strain by accommodating much of the lattice mismatch between the
film and the substrate. However such dislocation networks may produce a rotation of the film

from the nominal orientation relationship on the substrate. The strain due to the interfacial misfit

2



at interfaces on certain A-B systems can also be fully relaxed by tilting the film and introducing
steps at the interface with a frequency that tends to eliminate lattice mismatch [3, 4]. When steps
are present at the interface between a misfitting film/substrate system, additional defects known
as disconnections may be needed to accommodate the mismatch [5, 6]. In many cases, these
interfacial defects cannot fully compensate the discrepancies due to the mismatch [4]. A
significant amount of theoretical work has been undertaken to describe the matching of the
interfacial disconnections due to steps of different size and/or shape that are present on both
sides of the interface. Recent extended analyses [4, 7] show that tilts and rotations of the planes
abutting the interface are partitioned between the substrate and the film so as to relax the strains
related to the disconnections. All of these analyses are based on a precise description of the
arrangements of the atoms of both phases at the interface and rely mostly on experimental
studies performed on vicinal substrate orientations [see for example 8].

This paper and its companion [2] have investigated the ORs that develop in Ag films
equilibrated on Ni substrates for a large number of substrate surface orientations. The Ag on Ni
system was chosen for study for several reasons. 1. It is a relatively simple system since it
consists of two metals with the same face centered cubic (FCC) crystal structure, so that many of
the variables that could complicate the resulting ORs are absent. 2. Although effects due to
lattice mismatch are expected to be present, as the lattice constants are significantly different (a;
= 0.352nm and asg = 0.409nm, respectively), the fact that the ratio aag:an;= 1.162 differs by less
than ~0.4% from the integral ratio of 7:6, implies a likely accommodation of the mismatch by
relatively simple interfacial defects. 3. The mutual solubilities of Ag and Ni in the solid state are
negligible, so that each of these components of the film-substrate system will remain essentially
pure. 4. This system has been the subject of many previous modeling and experimental studies
[9-24]; however, both of these types of studies have been limited thus far to simple, low Miller
index, substrate orientations.

In previous modeling studies, it has been found that Ag deposited on a Ni{111} substrate
grows with a {111} plane parallel to the substrate [23, 24]. It has also been found that Ag grows
with its {l11} plane parallel to a Ni{100} substrate [13]. These two observations tend to
summarize the conventional view that FCC metals will tend to grow either with their {111}
surfaces parallel to almost any substrate, or if deposited on a FCC substrate, then a cube-on-cube
OR will tend to develop. As we shall see, even in a relatively simple FCC/FCC system such Ag
on Ni, this conventional wisdom does not generally apply when Ag is equilibrated on a variety of

different substrate orientations.



The complexity and the wide range of ORs identified in the present studies preclude any
systematic analysis of the results using the models mentioned above which invoke detailed
combinations of interfacial defects to describe particular ORs. However, our observations will
show that an important feature of the ORs adopted by Ag on all the Ni orientations which have
been simulated in this paper and measured in the companion paper [2] is the alignment of the

interfacial step edges of the Ag and Ni surfaces abutting the interface.

2. COMPUTATIONAL APPROACH

2.1. Molecular dynamics and lattice statics

Modeling was conducted by molecular dynamics (MD) and lattice statics (LS)
simulations, employing the LAMMPS code [25, 26], in conjunction with embedded atom
method (EAM) potentials [27]. These potentials include many body effects, and have been used
extensively in previous modeling studies of the Ni-Ag system [9-13, 17-20].

Ni substrates of 12 different orientations were studied; these are displayed in the standard
stereographic triangle (SST) of Fig. 1. Note that we have made use throughout this paper of a
SST with corners located at (100), (110) and (111) orientations. With this choice, all (hkl) within
the SST obey the ruleh >k > 1.

Because of the different substrate orientations, slightly different computational cells had
to be used. However, the dimensions of the Ni substrates were all approximately 10 nm in the x-
and y-dimensions and 2 nm in the z-dimension, and consisted of ~ 19,000 atoms. Periodic
boundary conditions were applied in the x- and y-dimensions, but the computation cells were
terminated by free surfaces in the z-dimension.

For each Ni orientation, at least two thicknesses of Ag were deposited onto the upper Ni
surface: ~1000, and ~4000 atoms, corresponding roughly to an adsorbed layer and a structure
approaching bulk Ag, respectively. These two configurations will be referred to in what follows
as "thin" and "thick" Ag deposits or films. The method used to deposit the Ag onto the Ni
substrate will be described below. MD simulations were performed on arrays consisting of Ni
and Ag; the arrays were gradually heated from 100 K to 900 K over a period of 200 psec, held at
900 K for periods of up to 12 nsec, in order to approach equilibrium, and then relaxed by LS to
remove thermal noise. In most cases, it was found that the structure ceased to evolve
significantly after equilibration times of ~4 nsec. The temperature of 900 K was selected in order
to be close to the equilibration temperature of 923 K used in the experiments of the companion

paper [2]. It was also chosen so as to achieve fairly high mobility of Ag for film equilibration in
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reasonable simulation times, yet maintain a relatively low mobility of Ni so as to preserve a well-
defined substrate orientation. Nevertheless, some minor rearrangements of Ni did occur in the
vicinity of the interface.

In some of the previous simulation studies on the nucleation and growth of monolayer
deposits on substrates, a great deal of effort has been expended on controlling the energy of the
deposited atoms as they arrive at the substrate surface, and nucleation has been studied by adding
one deposit atom at a time. Such an approach would have been very time consuming in the
present study, where the primary focus was on the orientation relationships that develop between
deposit and substrate for films approaching equilibrium bulk-like behavior.

In the case of thin (~1000-atom) Ag films, the deposits were produced by placing several
randomly distributed Ag octahedra, each with one apex just above the Ni substrate, at locations
that were approximately one nearest neighbor distance from any surface Ni-atom. Each
octahedron consisted of a 44-atom Ag crystallite with its (100) axis perpendicular to the substrate,
as shown in Figs 2a and 2b. Thus, except for Ni(100), the orientation of octahedra did not
correspond to the orientation of the substrate, thereby avoiding any bias in the eventual near-
equilibrium OR. As we shall see later, Ag adopts a (111) interface plane on the Ni(100)
substrate; thus even in that case, the OR is not biased by the initial Ag crystallite orientation. In
the early stages of simulation, each octahedron slowly collapsed and spread over the substrate to
form an adsorbed Ag layer, as shown in Fig. 2c.

In the case of thicker (~4000-atom) Ag films, ~3000 Ag atoms were added to the ~1000-
atom equilibrated structures in the form of Ag layers with atoms distributed at random, again
ensuring that none of the added atoms were placed any closer than a nearest neighbor distance
from either Ni or other Ag atoms. During subsequent MD simulation at 900 K, the random
arrangement of Ag atoms crystallized and diminished in thickness. Ag films were considered to
be reasonably equilibrated when no further changes in the pole figures, obtained as described in

the following section, could be detected by additional MD annealing.

2.2. Computation of orientation relationships

While it is possible, in principle, to use the atomic positions of the atoms in a Ag film to
generate a simulated diffraction pattern, which then needs to be indexed and interpreted so as to
extract an orientation, another simpler and more useful method was used here.

Consider an FCC crystal constructed in a coordinate system where the z-axis is

perpendicular to the (hkl) orientation of the surface (x-y plane). The 12 neighbors of any atom lie
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along <110> directions of the FCC lattice, when referred to the cube axes. Thus, the vectors that
correspond to the nearest neighbor directions in the xyz (sample coordinate) system, will yield a
<110> pole figure (PF) when projected onto a stereogram. The orientation of Ag and Ni in a
simulation can thus readily be deduced by computing the average directions of the nearest
neighbors of each atom, and displaying them in a stereographic projection. This approach also
provides a means of determining whether a Ag film contains crystals of more than a single
orientation. An example of the results obtained for the orientation of a thick Ag film on a
Ni(511) substrate is given in Fig. 3. The approach described here gives reliable results when
there is no significant overlap between the clusters of points that make up the various <110>
poles. However, when excessive overlap occurs (e.g. Fig. 4 for Ni (110)), then the exact
orientation of the regions from which the poles originate becomes less precise.

This approach was implemented by only considering Ag atoms that possess 12 Ag
neighbors within a sphere of radius that extends half-way between the first and second neighbor
distances. By requiring an atom to have 12 close Ag neighbors, one eliminates consideration of
atoms lying at the free surface of the Ag film, as well as those at the Ag/Ni interface. This is
useful, as those locations are likely to be associated with relatively large distortions due to
atomic relaxation effects and/or the presence of interfacial defects. Thus, the procedure focuses

on regions that have a relatively well-ordered Ag bulk-like structure.

3. RESULTS
The results obtained from the simulations are displayed in the panels of Fig. 4 in the form
of <110> PFs, with each panel labeled by the appropriate Ni substrate orientation. The ORs

obtained in each case are summarized in Table 1.

3.1. ORs of Ag on the Ni(111) substrate

Our simulations show that Ag is oriented with its (111) plane parallel to the substrate
with in-plane close packed <110> directions of Ag and Ni displaying twist angles ranging from
~2° to 4° (see Fig. 5a). This occurs in both thin and thick films, when Ag is equilibrated on a
perfectly planar substrate. However, when Ag is equilibrated on a Ni(111) substrate with two
pre-existing monoatomic steps running along <110> directions, it develops a structure with its
<110> directions aligned with the Ni close packed directions (see Fig. 5b). As shown in Fig. 5b,
the steps were located at approximately at 4 and % of the x-dimension of the computational cell.

Figures 5a and b show moiré patterns that reflect the interfacial (misfit) dislocation structure that

6



develops at the Ag/Ni interface in order to accommodate lattice mismatch. It is interesting to
note that the interfacial structure shown in Fig. 5b, for the aligned case, is essentially identical to
one obtained several years ago for the Ag/Ni interface by LS simulations [10]. In both structures
shown in Figs. 5a and b, the interface planes are oriented such that Ag{111}//Ni(111). The
<110> PF for the case of the Ag film on the stepped Ni(111) substrate is displayed in Fig. 4. It
shows the presence of Ag grains with a cube-on-cube OR on Ni (indicated by the coincidence of
Ag poles with each of the Ni poles) as well as twin-oriented Ag grains in the film (indicated by a
second set of three Ag poles near the center of the PF, rotated by 60° with respect to the cube-on-
cube oriented poles). About 60% of the Ag atoms contribute to the cube-on-cube OR and 40% to
the twin OR. In the case of the PF shown in Fig. 4 for Ni(111), the two triangular sets of Ag
poles are centered around a <111> Ni pole (not shown) which must necessarily lie in the center
of the pole figure. For both the Ag cube-on-cube and twin ORs, the in-plane <110> directions
are parallel to <110> poles of Ni.

For other substrate orientations in Fig. 4, described later, the six <110> Ag poles that
indicate the presence of both cube-on-cube and twin ORs may not seem to be symmetrically
disposed about a <I11> pole (i.e. at the apices of a perfect hexagon). This apparent lack of
symmetry occurs because of the distortion imposed by the grid-lines of the pole figure (as
illustrated in Fig. 3). It is worth mentioning here that other cases will be encountered where we
shall refer to the presence of twin-oriented grains in the Ag film. These are twins with respect to
other Ag grains in the film, and do not necessarily lie in twin relation to the Ni substrate. In the
present case of a stepped Ni(111) substrate, we observe both cube-on-cube oriented Ag grains as
well as their twins. Thus, in this particular case, the Ag grains that are in twin relation to cube-

on-cube Ag grains, are also in twin relation to the Ni substrate.

3.2. ORs of Ag on the Ni(100) substrate

The structure of Ag on the Ni(100) substrate has also been previously studied. The results
of those studies will be discussed in detail in Section 4. In the present simulations, we find that
Ag is oriented with a {111} plane parallel to the Ni(100) substrate, in agreement with previous
simulations and experimental studies [12, 13, 16, 24]. This OR has been referred to as an "oct-
cube" orientation relationship [12, 13]. The <110> PF for the Ni(100) substrate orientation
shown in Fig. 4 also indicates the presence of at least one type of Ag twin. In addition, this figure
shows that the in-plane <110> poles of Ag, that lie on the outer circle of the pole figure, are

superimposed on the in-plane <110> poles of Ni.
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3.3. ORs of Ag on the Ni(110) substrate
The <110> PF for Ag on the Ni(110) substrate orientation is presented in Fig. 4. The

<110> Ag poles in this figure are considerably more scattered than they were in Fig. 3, and there
is significant overlap of the clusters of points representing different Ag <110> poles. As a result,
it is difficult to isolate the individual poles of Ag, and their identification is therefore only an
estimate. In order to fit all possible features of that <110> PF, it was necessary to assume four
different Ag orientations. These included two variants of Ag{881} (which are in approximate
cube-on-cube OR, but tilted by a few degrees from (110) about an in-plane <110> direction), and

also two variants of Ag{911}, which are in approximate twin-relation to the {881} variants.

3.4. ORs of Ag on the Ni substrate orientations along the (100)-(111) edge of the SST
The substrate orientations, Ni(511), (311) and (322), belong to this edge. Their <110>
PFs shown in Fig. 4, together with those of Ni(100) and Ni(111), show that a gradual transition

occurs from the oct-cube Ag OR on Ni(100) to the Ag cube-on-cube and/or twin OR on Ni(111)
by a rotation of the Ag orientations with respect to the Ni substrates about a common in-plane

<110> axis. This gradual transition in OR will be discussed in more detail in Section 4.

3.5. ORs of Ag on the Ni substrate orientations along the (111)-(110) edge of the SST

The substrate orientations along this edge include Ni(332) and (551) shown in the <110>
PFs of Fig. 4. The corresponding ORs are close to being cube-on-cube, with Ag also adopting
orientations that are twin-related to the cube-on-cube OR. The ORs obtained for these substrate

orientations also display a common in-plane <110> direction.

3.6. ORs of Ag on the Ni substrate orientations along the (110)-(100) edge of the SST

Along this edge of the SST, Ag orientations undergo another transition, this time from Ag
films on Ni(110) that are close to, but not exactly cube-on-cube (with some twin-related Ag), to
the Ni(100) substrate where the Ag film displays the oct-cube OR. This transition is illustrated
by the <110> PFs for Ni(320), (210) and (510) substrate orientations shown in Fig. 4.

3.7. ORs of Ag on the Ni(321) substrate




This is the only orientation studied here that lies within the SST. In this case the Ag film
predominantly adopts a twin-related orientation to the substrate, as shown in the <110> PFs for

the Ni(321) orientation in Fig. 4.

4. DISCUSSION
4.1 Crystallography of surface steps

It is useful to preface the discussion of the results with a description of surface structure
by means of the terrace-ledge-kink (TLK) model of surfaces developed by Stranski [28] almost a
century ago. For the case of any (hkl) FCC surface within the SST, the orientations of the terrace,
ledge and kink can be identified by the micro-facet decomposition scheme of Van Hove and
Somorjai [29]. Indeed, any choice of three micro-facets whose normals are linearly independent
vectors can serve the purpose. For convenience, we take the micro-facets orientations to be (111),
(100) and (11 1).

The terrace orientation for a given (hkl) surface is then given by the micro-facet with the
largest relative number of atoms, the ledge orientation is given by the micro-facet with an
intermediate relative number of atoms, and the kink orientation is given by the micro-facet with
the smallest relative number of atoms. The relative numbers of atoms, N, of the three micro-

facets may be expressed by the ratio [29]:

N(111):N(11T):N(100) = (k + 1):(k - I):(h - k) (1)

As an example, application of Eq. 1 to a (532) surface is shown schematically in Fig. 6.

From Eq. 1, it can also be seen that the (111) surface will consist only of (111) terraces,
and similarly, the (100) surface will consist only of (100) terraces. Surfaces along the (100)-
(111) edge of the SST, which have indices of the type (hkk), will consist only of a terrace and a
ledge. This absence of kinks also applies to surfaces along the (111)-(110) edge of the SST,
which have indices of the type (hhl). All other (hkl) surfaces of the SST will have terraces,
ledges and kinks. For these cases the surface steps will be made up of both ledges and kinks.

It is also useful to point out that the crystallographic direction of step edges in the TLK
model of surfaces can be obtained from the cross product of the terrace normal (identified by Eq.
1) with the normal to the (hkl) surface of interest.

It is generally accepted that the presence of steps, composed of ledges and kinks at the
surface of a crystalline substrate, plays an important role in homo-epitaxial film growth.
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epitaxial-growth As we shall see below, the presence of surface steps on the substrate also plays

an important role in the equilibrium ORs that develop between Ag and Ni on all substrate
orientations. As indicated above, surface steps on FCC crystals occur naturally on all surfaces
except {111} and {100}. These steps produce an alignment of the first few deposited atoms that
determine the manner in which the deposit develops, and this alignment has a profound effect on
the final OR. An example of Ag alignment along steps in the early stages of film formation is

shown in Fig. 2c.

4.2. ORs of Ag on Ni(111)

In previous studies of monolayer Ag deposits on Ni(111) [23, 24], the Ag adopts a
hexagonal structure in which its close-packed <110> directions lie parallel to the close packed
<110> directions of the Ni substrate at low temperatures, whereas at higher temperatures (the
value of which not all authors agree, see [24] and refs therein) the Ag layer is rotated with
respect to the substrate by a twist angle of between 1 and 3°. Although the present simulations
also show a small twist angle (between 2° and 4°) when the Ni-substrate is initially planar, this
rotation disappears when two steps along in-plane <110> directions are intentionally created on
the initial Ni substrate (see Fig. 5). Since surface steps are an almost unavoidable feature of
substrates used for film growth (because of small deviations from an exact (111) substrate
orientation) we expect the results obtained in the presence of surface steps to be more realistic

for comparison with experiment.

4.3. ORs of Ag on Ni(100)

It has previously been found, by both rotating sphere experiments as well as by epitaxial
growth experiments [12, 16], that Ag frequently adopts ORs in which its {111} planes lie
parallel to Ni(100) substrates. This oct-cube OR has also been observed previously in
simulations of Ag on Ni(100) [13], and of Au on Ni(100) [30] for which the lattice mismatch is
almost identical with that of Ag-on-Ni. The OR observed in the present study -
Ag{111}<110>//Ni(100)<110> — is consistent with this previous work, as well as with our own

experiments [2].

4.4. ORs of Ag on Ni substrates with orientations lying along the (100)-(111) edge of the SST
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Along this edge of the SST, a gradual transition occurs from the oct-cube OR with
Ag{l111}<110>//Ni(100)<110> to a cube-on-cube and/or a twin-related OR with
Ag{111}<110>//Ni(111)<110>. The <110> PFs for the orientations along this edge (Ni (100),
(511), (311), (322) and (111)) displayed in Figs. 4 show that the close packed in-plane <110>
directions of the Ag film and the Ni substrate are parallel in all cases. These directions also
correspond to the directions of the natural TLK surface steps that exist on the Ni and Ag planes
on both sides of the interface.

We have attempted to estimate the change in the interface plane of Ag as the Ni substrate
orientation varies along this (100)-(111) edge of the SST by means of a simple correlation
described in the Appendix. This analyzes the change in the Ag orientation as a gradual rotation
of Ag relative to Ni about the common <110> axis. The results obtained are given in Table 2.
When the normalized (hkl) indices for the Ag interface planes in Table 2 are compared with
those of Table 1 for the same Ni substrate orientations, one finds remarkable agreement for Ag
films on the Ni(511) and (311) substrate orientations, even though the correlation only takes
crystal geometry into account, and ignores consideration of lattice mismatch. For the case of the
Ni(322) substrate, the results of the simulations for the orientation of the Ag film are quite
scattered, and can only be estimated. In spite of this complexity, the results of the appendix
correlation given in Table 2 produce a good fit to one of the four orientations identified in Table
1 (with approximate (5 5 3) indices). The reasons for the multiple orientations obtained from
simulations for the Ni(322) substrate are not clear, but they do imply degeneracy of the
interfacial energies associated with the various observed Ag orientations.

Whereas the correlation of the appendix can only be tested against the results of three of
the simulations performed here, the companion paper [2] reports experimental results on Ag
orientations which correspond to 15 substrate orientations that fall along the (100)-(111) edge of
the SST. Those results are compared with predictions of the appendix correlation in Fig. 6 of the
companion paper [2], and also yield excellent agreement, even though the correlation does not
consider lattice mismatch. While there is substantial evidence in both papers to indicate that
lattice mismatch is important in some aspects of the observed ORs, it appears that the sequence
of ORs that represent the transition from oct-cube to cube-on-cube and/or twin ORs may be

primarily driven by crystal geometry rather than lattice mismatch.

4.5. ORs of Ag on Ni(110)
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There have also been a few previous studies of the ORs that develop between Ag and
Ni(110). Maurer and Fischmeister [14] used the rotating crystal method, with initially randomly-
oriented Ag crystals equilibrated at 1173 K. They identified ORs of Ag(110)//Ni(110) at twist
rotations (between close-packed <110> directions) of 0 and 70°. They also found tilt ORs of
Ag(111)<110>//Ni(110)<110> and Ag(211)<110>//Ni(110)<110>. Allameh et al. [19] used a
variation of the rotating crystal method, in which they sintered Ag crystals with a given initial
twist orientation on a Ni(110) substrate. Their experiments used an equilibration temperature of
623 K. They found four different ORs corresponding to Ag(110)//Ni(110), and twist rotations of
0, 35, 55 and 70° between close-packed directions. They also performed LS calculations in
conjunction with EAM potentials, in which they computed the Ag/Ni interfacial energy of
several (110) twist orientations [20]. These simulations showed that the dependence of interfacial
energy on twist angle displayed small cusps at the preferred values of twist angle observed in
their experiments.

The present simulations do not assume any particular OR, and unlike the previous LS
work, were conducted at high temperature by MD. The results yield four ORs, two ORs that are
close to cube-on-cube and which display Ag{881} interface planes with tilts of +5° from Ni(110)
about the in-plane <110> direction, and two other ORs that have Ag{911} planes parallel to the
interface (with tilts of ~+39°), which are approximately twin-related to the two other Ag
orientations. These ORs do not match the observations of Maurer and Fischmeister [14], who
observed tilt ORs of 35 and 55°. Our experiments [2] do not contain an example of the Ni(110)
orientation. However, several substrate orientations close to Ni(110) display a cube-on-cube

orientation, in good agreement with the present results.

4.6. ORs of Ag on Ni substrates with orientations lying along the (111)-(110) edge of the SST

The results obtained for the Ni(332) and (551) substrates are given in the form of <110>
PFs in Fig. 4 (see also Table 1). It should be noted that, as in the case of the orientations along
the (100)-(111) edge of the SST, the in-plane close-packed <110> directions of Ni and Ag are
parallel, and that these directions also correspond to the direction of step edges on the Ni and Ag
interface planes. Both cube-on-cube (with a small tilt of between 2° to 5° about <110>) as well

as twin-related orientations are observed in the Ag films.

4.7. ORs of Ag on Ni substrates with orientations lying along the (110)-(100) edge of the SST
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The results obtained for the Ni(320), (210) and (510) orientations are displayed in the
form of <110> PFs in Fig. 4 (see also Table 1). Along this edge of the SST, the direction of steps
is not as simple as in the other orientations discussed above. The Ni(320) surface has steps
running along the [2 3 1] direction, and these are almost parallel to the [2 3 1] direction in the
part of the Ag film that is close to having a cube-on-cube OR, with its (16 9 2) plane parallel to

the interface. The Ag film also contains an orientation, ~ (6 17 0), that is twin-related to (16 9 2),

and this twin contains another <321> direction in the plane of the interface that is almost parallel

to the in-plane [2 3 1] step direction of the substrate.

In contrast, the Ag film on Ni(210) is oriented almost perfectly in a cube-on-cube OR,
and is the only orientation in the simulations for which no Ag twins have been observed. The
step edges that run along the [001] direction of Ni in this case are therefore also parallel to the
[001] step direction on the Ag side of the interface.

The final orientation studied in this region of orientation space, Ni(510), has a more
complex OR, because of its proximity to (100), where the Ag film is oriented with its (111) plane
parallel to the substrate. Thus, along this edge of the SST there is another transition from a cube-
on-cube OR at Ni(210), to Ag orientations that tend to align their (111) planes with the (100)
planes of the substrate. Consequently, in the case of the Ni(510) substrate, we find two Ag
orientations that have their {111} planes almost aligned with the (100) planes of Ni (see Table 1),
and with their step edges running along <431>-type directions that are parallel to the <100> step

directions of the Ni substrate.

4.8. OR of Ag on a Ni(3 2 1) substrate near the center of the SST
As shown in Fig. 4, the Ag film on Ni(3 2 1) is found to display an orientation ~ (7 2 4)

that is close to a twin of (3 2 1). The Ni(3 2 1) substrate has steps that run in <211> directions,
and the ~ (7 2 4) Ag twin also has steps that run close to <211> directions, and those step

directions are found to lie within ~4° of each other at the interface.

4.9. Overall picture of Ag ORs on Ni

The observed ORs are summarized in the SST of Fig. 7. ORs corresponding to Ni
substrate orientations in the figure are labeled C (cube-on-cube), T (twin), O (oct-cube) and S
(special ORs that are a consequence of the transitions from the oct-cube OR at the Ni(100)

corner of the SST to either cube-on-cube or twin ORs). It should be mentioned that the limited
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number of orientations studied here by MD simulations do not allow a clear delineation of the
orientation space occupied by the various ORs; however, a much more complete determination
of the orientation regions occupied by these ORs has been possible in the companion paper [2],
where over 200 Ni substrate orientations have been investigated. In the present study, most of the
Ag films with a cube-on-cube ORs also contain twins of the cube-on-cube ORs. This is not

surprising, in view of the low energy of twin boundaries in FCC crystals such as Ag.

4.10. Interfacial step alignment as a unifying feature of observed ORs

The most striking unifying trend in the observed ORs is the universal close alignment in
the plane of the interface of the step edges of the Ag film with the step edges of the Ni substrate.
Whereas this trend may appear to be similar to the "lock-in" mechanism of epitaxy invoked by
Fecht and Gleiter [31] for metals grown on ionic substrates, it occurs for reasons that are quite
different from those of the lock-in concept. In the lock-in concept, the surface of the ionic crystal
(taken to be a low index plane) is described as "a set of close packed rows separated by relatively
deep valleys". The orientation of the metal plane at the interface is then assumed to be
determined by having its closest packed row of atoms "lock-in" to the valleys between the
closest packed rows of the ionic substrate. This is essentially a lattice matching argument.

In contrast, the present results show that during the initial stages of film formation,
deposited Ag atoms tend to align with the step edges of the Ni substrate, since sites adjacent to
steps are energetically favorable because of the higher coordination available there for Ag
adatoms. Steps are naturally present on all substrate orientations except (100) and (111).
However, even in the case of those naturally un-stepped substrate orientations, the complete
absence of steps is highly unlikely to occur in experiments, and when steps are present, the
deposited Ag atoms preferentially align with the steps (as pointed out above in connection with
the OR of Ag on Ni(111) shown in Fig. 5). One question that must still be addressed is whether
the Ag/Ni interfacial energy, which must certainly play a role in the equilibrium OR, is
minimized by the ORs that are possible within the constraint of step alignment.

Interfacial energies cannot readily be computed from the MD simulations that have been
conducted here to determine the ORs that develop between Ag films and Ni substrates. This is
because the configurations that emerge from these simulations display non-planar Ag surfaces
and somewhat rough Ag/Ni interfaces; in addition, the Ag films often contain twin boundaries,
stacking faults and other defects. Since it is not possible to separate out the energies of those

defects, or to account for energy changes associated with non-planar interfaces, it is not possible
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to isolate the Ag/Ni interfacial energy from our MD simulations. These features also make it
very difficult to describe the resulting ORs by means of the detailed descriptions of the interfaces
in terms of disconnections [4-7]. However, it is possible to compute interfacial energies from LS
simulations (conducted at 0 K) on atomic arrays that consist of a slab of Ag on top of a slab of Ni
with a pre-selected OR, as was done by several previous investigators [9-13, 20]. In particular,
Allameh et al. [20] studied Ag(110)/Ni(110) twist boundaries and found that the lowest energy
occurred for the 0° twist boundary, i.e. for the case consistent with step alignment. Here we have
performed similar simulations for Ag(211)/Ni(211) twist boundaries, for 8 different twist angles
between step edges, and have also found that the lowest energy interface occurs for 0° twist,
adding further evidence that step alignment produces low energy interfaces. However, there are
exceptions to this rule. Gao et al. [12] computed the energy of Ag(100)/Ni(100) twist boundaries
and found that the lowest energy interface occurred at a twist of 26.6° (634 mJ/m?). In contrast,
in a later paper [13] they showed that the energy of the Ag/Ni interface with an OR of
Ag(111)<110>//Ni(100)<110>, i.e. the oct-cube OR, was lower than any of the (100) twist
boundaries (437 mJ/m?). This result is consistent with the results of the present simulations, and
explains why lower energy interfaces consisting of Ag(111) parallel to Ni(100), with aligned
close packed directions, are found in the simulations rather than Ag(100) twist interfaces. Thus,
although zero twist may frequently lead to minimum energy interfaces, this may not always be
the case.

It is useful to identify the reason for the frequent increase in interfacial energy when steps
cross each other at interfaces with a finite twist angle between step edges. The results of our
simulations on Ag(211)/Ni(211) twist interfaces indicate that significant distortion occurs where
steps intersect. This is illustrated for the Ag(211)/Ni(211) 39.2° twist boundary in Fig. 8. Figure
8a shows the initial configuration of the near-interface atom planes, and Fig. 8b shows the
configuration obtained after a LS relaxation of the system. The relaxed configuration shows that
the Ni atom rows (i.e. step edges) remain fairly straight, whereas the Ag atom rows are quite
perturbed near the points of intersection with the Ni rows. In addition, a clear tendency in these
distortions can be seen to favor step alignment. The larger distortion on the Ag side of the
interface is a result of the lower elastic modulus of Ag as compared to that of Ni. These large
distortions at step intersections are the source of the interfacial energy increase with twist angle,
since the number of such intersections, per unit area, increases with increasing twist angle.
Furthermore, one possible reason for the lack of a minimum in energy for (100) Ag/Ni interfaces

at 0° twist in the computations of Gao et al. [12], is that no steps are present in perfect (i.e. un-
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stepped) (100) twist interfaces of their simulations. For such un-stepped interfaces, a high
coincidence interface such as the 26.6° twist boundary, may indeed produce the minimum energy
interface as a function of twist angle. However, as noted above, even the lowest energy 26.6°
twist (100) interface is higher in energy than the step-aligned Ag(111)//Ni(100) interface.

A minimum energy at 0° twist interfaces is, of course, well known from previous work
on grain boundaries (GBs). This arises from the development of screw dislocation arrays at the
GB that increase in density with increasing twist angle. When the crystallographic planes that
delimit the GB are identical, i.e. in symmetrical twist GBs, the GB as well as its energy vanishes
at 0° twist. But even in the case of asymmetric GBs delimited by different crystallographic
planes, which contain a tilt component, and where the GB does not vanish at 0° twist angle
between step directions, computer simulations have shown that 0° twist GBs also display an
energy minimum [32]. In addition, this feature has been used previously to develop successful
models of GB energy and GB segregation, which invoke the effects of step intersections to
account for GB energy change [33, 34].

The above considerations support the view that, whereas step alignment in the present
simulations may occur initially because the first deposited atoms tend to diffuse and attach
themselves to step edges for energetic reasons, this type of configuration also creates the nuclei
for 0° twist interfaces which tend to display minimum energy.

One last point needs to be made. If one considers the <110> PFs for all Ni substrate
orientations from Ni(100) to Ni(551) in Fig. 4, i.e. all Ni orientations lying along the (100)-(111)
and (111)-(110) edges of the SST, there is always an alignment of the <110> Ag and Ni poles at
the east and west points of the PFs. These poles represent in-plane <110> directions, as well as
the step edge directions of the respective Ag and Ni abutting surfaces represented in those plots.
Indeed, <110>-oriented surface steps only occur along the (100)-(111) and (111)-(110) edges of
the SST. In the case of the <110> PFs for Ni substrate orientations from Ni(320) to Ni(321) of
Fig. 4 (i.e. either along the (110)-(100) edge of the SST or for the orientation that lies within the
SST) there are no in-plane <110> directions, and no <110>-oriented steps. Nevertheless, these
figures display rather close superposition of <110> Ni and Ag poles at locations near the edge of
the respective stereograms (i.e. close to but not exactly in-plane). This feature can also be
explained by a close alignment of steps on the two sides of the interface, as illustrated in Fig. 9.
The figure shows the schematic top view of a step on a high index Ni surface, with Ag atoms
attached to the step edge. In general there will be kinks on the step that cause it to deviate from a

<110> ledge direction. Although the Ag atoms are more or less aligned with the step, this
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alignment is imperfect because of atomic size differences due to lattice mismatch. However, the
approximate alignment with the step also leads to an approximate alignment with the close
packed directions, even though those directions do not lie in the plane of the interface. Thus, all
the features observed in the simulations and the corresponding ORs can be reconciled by either
an exact or an approximate alignment of steps on both sides of the Ag film/Ni substrate interface.

A test of the importance of interfacial step alignment, as a unifying feature of observed
ORs, has been performed on the much larger set of OR data obtained in the companion paper [2].
The good agreement obtained in that case further validates this interpretation of the generation of
equilibrium ORs. This feature of equilibrium ORs in hetero-epitaxy has not previously been
emphasized; it appears to explain the origin of ORs, and corresponds to ORs that frequently

produce minimum interfacial energy.

5. CONCLUSIONS

The ORs that develop in Ag films equilibrated on Ni substrates have been investigated
here by MD simulations for substrates having a greater range of orientations than previously
studied. Several different ORs have been observed: cube-on-cube, twin, oct-cube, and special
ORs. These latter are a consequence of the transition from the oct-cube OR, which develops at
the Ni(100) corner of the SST to the cube-on-cube and/or twin ORs that develop at the Ni(111)
corner of the SST. It is proposed that all of the various observed ORs develop as the result of an
alignment of the step edges of the Ag film with those of the Ni substrate at the Ag/Ni interface.
Since step intersections at the interface are often associated with an energy penalty, step
alignment, which occurs in the early stages of film formation, also tends to lead to minimum
energy interfaces between film and substrate. Interfacial step alignment is a concept that has not
previously been stressed as a feature of hetero-epitaxy and/or ORs, and one which deserves to be

tested in other systems.
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Appendix

On a Ni(100) substrate, the Ag crystal is oriented with a {111} plane (say the (111)
plane) parallel to the substrate, in the oct-cube OR. At the other end of the (100)-(111) edge of
the SST, i.e. on the Ni(111) substrate, the Ag crystal is oriented with another {111} plane (say

the (11 1) plane) parallel to the substrate to produce either a cube-on-cube or a twin OR. For an
intermediate case along this edge of the SST, let the angle between Ni(hkl) and Ni(100) be 0, as
shown schematically in Fig. Al. Thus, 0 will vary from 0 to 54.7° as Ni(hkl) changes from (100)
to (111) by rotation about a common [01 1] direction that lies at the intersection of (100) and
(111). Consider now the Ag side of the interface. Let the angle between Ag(hkl) and Ag(111) be
¢. Thus, ¢ will vary from 0 to 70.5° as Ag(hkl) changes from (111) to (11 1) by rotation about a
common [1 10] direction that lies at the intersection of (111) and (11 1). This will result in

Ag(hkl) that lies along the (111) to (11 1)arc ofa stereogram that extends past (110) of the SST
into the adjacent stereographic triangle. When referred back to the SST, all Ag orientations will
therefore lie on the (111)-(110) edge. If we assume that the changes in both the Ni and Ag

orientations are linear in rotation angles, then:

¢ = (70.5°/54.7°) 0 = (1+15.8°/54.7°) 0 (A1)

where 15.7° (= 70.5° - 54.7°) represents the relative angle of rotation between Ag and Ni. The

results of applying this simple correlation are summarized in Table 2.
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Figure 2. Example showing the method of Ag deposition for thin Ag films using collapsing
octahedra. The example uses a Ni(511) substrate. (a) Side view, and (b) top view of octahedron,
prior to MD simulation. (¢) Top view of octahedron after MD simulation, showing collapse and
spreading on the substrate, as a result of gradual heating to 800 K, holding at 800 K for 40 psec,
and followed by LS relaxation. Similar simulations at temperatures of 700 K, or below, do not
lead to complete spreading of the octahedron. (Ag atoms red, Ni atoms blue: color on line). Part
(c) of the figure also illustrates alignment of Ag atoms along the step edges of the Ni(511)

substrate that occurs at an early stage of film formation.
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Figure 3. Example to illustrate the method used to determine the orientation of Ag deposit films
after MD simulation and relaxation. The figure shows a projection of Ag nearest neighbor
vectors onto a stereographic projection for the case of an Ag film equilibrated on Ni(511), to
yield a <110> pole figure of the Ag deposit. Small red points show the scatter of poles obtained
from 500 Ag atoms in the deposit. Large green points represent the average positions of the red

points (color on line). The computed Ag film interfacial plane orientation is approximately (331).
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Figure 7. SST summarizing the ORs observed in simulations. ORs in the figure are labeled C
(cube-on-cube), T (twin), O (oct-cube) and S (special) ORs that reflect the gradual transition
from the oct-cube OR on Ni(100) to either twin or cube-on-cube ORs.
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Figure 8. Interface structure of Ag(211)//Ni(211) for a twist angle of 39.2° showing the Ag
atoms in red and the Ni atoms in blue; (a) prior to LS relaxation the Ag atoms are aligned along
<110> step edges, (b) after relaxation the Ag atoms close to the intersections with the <110> step

edges of Ni tend to align themselves parallel to these edges.

27



step edge directions

Ni
<110> directions

Figure 9. Schematic top view of a step on high-index Ni surface (Ni atoms blue) with Ag atoms
(red) attached to the step edge. The arrows indicate step directions and close packed directions in

both the Ni substrate and the Ag atoms attached to the step.

Figure Al. (Appendix figure) Schematic of orientation relationship of Ag on Ni along the (100)-
(111) edge of the SST.
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