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Abstract

Molecular Dynamics simulations have been performed to compare the orientation relationships
(ORs) that develop between Ag films/particles equilibrated with Ni, depending on whether the
Ag is subjected to three-dimensional (3-D) confinement by being embedded in Ni, or to 2-D
confinement by equilibration with a Ni substrate. Previous results of both simulations and
experiments have shown that Ag films equilibrated with planar Ni substrates display a large
number of different ORs; in particular, Ag equilibrated on Ni{100} displays an OR of
Ag{111}<110> // Ni{100}<110>, often referred to as an oct-cube OR. Here it is shown that
a Ag particle embedded in Ni displays an OR of Ag{111}<110> // Ni{111}<110>, i.e. a cube-
on-cube OR. It has also been shown that as the confinement of a Ag particle is gradually
increased from 2-D to 3-D, by equilibrating a Ag particle on Ni(100) substrates with
progressively deeper dimples, a transition in OR occurs from oct-cube to cube-on-cube. This
result contradicts the conventional notion which supposes that the ORs displayed in the
presence of 3-D confinement (e.g. during phase transformations) will also tend to be displayed

in epitaxy on a substrate.
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INTRODUCTION

The orientation relationship (OR)/hetero-epitaxy that is manifested when one
crystalline material grows either on or within another may depend on the dimensionality of
the template on which growth takes place. For example, in phase transformations the OR that
develops is one that minimizes the energy of the new phase under conditions where it is
surrounded in 3-dimensions (3-D) by the parent phase, whereas in film epitaxy the OR of the
film is constrained to adapt to a "flat" 2-D substrate of arbitrary but specific orientation. Thus
the resultant OR in hetero-epitaxy of one phase on a flat surface of another phase does not
necessarily need to duplicate the OR which arises in phase transformations. In this paper, we
investigate the dependence of the OR on the dimensionality of the environment, by comparing
the ORs that result from previous experiments [1] and computer simulations [2] of Ag (films
or particles) equilibrated on flat Ni substrates, with simulations of a Ag particle embedded
within a Ni matrix. In addition, we have performed simulations of certain configurations in
which a Ag particle is partially embedded in a Ni substrate in order to investigate the transition
from 2-D to 3-D behavior.

In the previous experiments [1], the ORs displayed by a Ag film/particle equilibrated
on about 200 different surface orientations of a polycrystalline Ni substrate were determined.
The distribution of Ag ORs obtained is shown schematically in the standard stereographic
triangle of Fig. 1. On Ni orientations that fall within the (111)-(110)-(210) orange part of the
triangle, Ag adopts a cube-on-cube OR (labeled C-C, which may be expressed as
Ag{111}<110> // Ni{111}<110>), with some fraction of the Ag present in a twin-related
orientation to the cube-on-cube orientation. The oct-cube OR (labeled O-C, which may be
expressed as Ag{111}<110> // Ni{100}<110>) is only observed for Ag equilibrated on

Ni(100). The dashed line connecting the (210) to (111) poles, which is the trace of the (121)

plane, represents Ni substrate orientations on which Ag adopts mainly a twin OR with some
cube-on-cube OR present (labeled T/C-C). Finally, for Ag on Ni orientations that fall within the
(100)-(111)-(210) green portion of the triangle (and labeled S for "special") the OR of Ag
undergoes a gradual transition from the oct-cube to the twin/cube-on-cube ORs.

In the simulations [2], which were carried out by molecular dynamics (MD) in
conjunction with embedded atom method (EAM) potentials [3], the ORs that developed in Ag
films equilibrated on 12 different Ni substrate orientations were found to be in excellent
agreement with the experimental results. This provides some confidence that the results of

computer simulation based on these EAM potentials are reliable for the Ag/Ni system.
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Fig. 1. Standard stereographic triangle indicating the ORs displayed by Ag on various Ni
substrate orientations (2-D constraints) [1]. The region colored orange and labeled C-C
represents Ni substrate orientations on which Ag adopts a cube-on-cube OR, as well as some
twin OR. Along the dashed line labeled T/C-C the Ag adopts mainly a twin OR, with some
cube-on-cube OR. On the Ni(100) substrate (point labeled O-C) Ag adopts the oct-cube OR.
The region colored green and labeled S (for "special") is a region where the Ag OR undergoes
a gradual transition O-C to T/C-C (color on line). See text.

As we shall see, the principal crystallographic planes of Ni that are stable in contact
with embedded Ag (i.e. under 3-D constraints) are the Ni{111} and Ni{100}. Since Ag{111}
coexists with planar Ni{111} in the cube-on-cube OR, whereas it coexists with planar Ni{100}
in the oct-cube OR, the question of what happens when a Ag crystal is fully embedded in Ni,
where its {111} planes cannot coexist simultaneously with both Ni{111} and Ni{100} surfaces,
is worthy of investigation.

The Ni-Ag alloy system represents a convenient model system for the present study.
Ni and Ag are almost insoluble in each other in the solid state, and as a result the coexisting
solid equilibrium phases consist of essentially pure Ni and Ag at all temperatures. This avoids
any concerns regarding the effects of compositional changes on lattice matching of the two

phases.

COMPUTATIONAL APPROACH

Computational framework

Simulations were performed by molecular dynamics (MD) and/or lattice statics (LS),
using the LAMMPS code [4, 5], in conjunction with EAM potentials [3]. These potentials include
many body effects, and have been used extensively in previous studies of the Ag-Ni system

[6-21]. MD simulations were conducted as follows. A computation cell consisting of Ni and Ag



was heated gradually to 900 K over a period of 200 psec, held at 900 K for a period of 4 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 at 900 K. If this procedure did not produce satisfactory equilibration, the above cycle
was applied several more times, up to total equilibration times of 20 nsec. In a few cases, the
temperature to which the computational cell was initially heated was raised to 1250 K, before
equilibrating at 900 K.

2-D constraints — films on substrates

The results reported here on simulation of ORs of Ag films on flat substrates are taken
from a previous study [2]. The initial computational cells consisted of Ni slabs containing
between 30,000 to 50,000 atoms, with approximate dimensions of 10 nm in the x- and y-
directions, and between 4 and 6 nm in thickness in the z-direction. The x-y Ni surfaces were
oriented in preselected (hkl) planes. The Ag films consisted of about 5,000 atoms deposited
on the top Ni surface. In order to avoid configurational bias, the Ag atoms of the film were
initially arranged randomly, and allowed to crystallize during the MD simulation. Periodic
boundary conditions were applied in the x- and y-directions, whereas the z-directions of the

Ni slabs and Ag films were terminated by free surfaces.

3-D constraints — embedded particles

In order to effect complete 3-D constraints of Ag particles by the Ni matrix,
configurations consisting of a Ag particle initially embedded in a spherical cavity of the matrix
were employed. The Ni matrix consisted of about 100,000 atoms arranged in the form of a
cube, which contained a centrally located Ag particle of about 4000 atoms. 3-D periodic
boundary conditions were applied to these computations.

In the case of simulations of Ag particles embedded in a Ni matrix, it was not possible
to use an initially random distribution of Ag within the Ni cavity, as the lower density of the
randomly distributed Ag would have led to undesirable voids, as a result of shrinkage during
MD equilibration. However, in order to avoid bias in the final OR of completely embedded Ag,

three different initial configurations were explored. These consisted of (a) an embedded Ag
particle in an initially oct-cube OR: Ag(lll)[Oli] // Ni(lOO)[Oﬂ]; (b) an initial OR that

corresponded to neither the oct-cube nor the cube-on-cube OR, in which the Ag particle was
placed in the Ni matrix after rotation by 45° about the z-axis, thus giving a
Ag(001)[100]//Ni(001)[110] OR; and (c) a configuration where the Ag was given a cube-on-

cube OR in the Ni matrix. In each case, the Ni cavity was trimmed by gradually removing Ni



atoms that were closer than a prescribed distance from Ag atoms. Each of the resulting
configurations was relaxed by lattice statics, and the minimum energy configuration was then
used as the initial configuration for further computation.
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Fig. 2. Structure of an embedded Ag particle in a Ni matrix (Ag atoms red and Ni atoms blue).
(a) Slice along a Ni(100) plane through the approximate center of the initial configuration of
a Ag particle in an oct-cube OR on the Ni(100) plane, (b) after heating to 1250 K, cooling to
900 K, then holding 4 nsec at 900 K, the particle acquires a cube-on-cube OR.

The three resulting configurations were treated by MD using the following cycle: pre-
heating gradually to 1250 K, cooling to 900 K, equilibrating at 900 K for 4 nsec, and finally
applying LS so as to remove thermal noise. Although 1250 K lies a few degrees above the
melting point of Ag (1235 K) it is quite common for embedded particles to remain solid well
above their melting points, as has been shown experimentally for the case of Ag embedded
in Ni [22]. No evidence of melting was detected in the present simulations. The final
configuration for all three initial ORs was a cube-on-cube OR of Ag in the Ni matrix (as shown
in Fig. 2b for the case of the initially oct-cube OR displayed in Fig. 2a) clearly indicating that
cube-on-cube was the preferred (i.e. equilibrium) OR. Since the above results established that
a cube-on-cube OR is the equilibrium 3-D OR, all further results on embedded Ag particles are

reported for computations using an initial cube-on-cube OR.

Intermediate constraints — particles in dimples

In order to produce particles with constraints lying between 2-D and complete
confinement within a matrix (3-D), simulations were also performed on Ag particles partly
embedded in dimpled Ni(100) substrates. The dimple depth was varied as a means of
changing the degree of 3-D constraint imposed on the Ag phase. In addition, two dimple
shapes were used, spherical dimples as illustrated in Fig. 3, and facetted dimples as shown in
Fig. 4.
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Fig. 3. Example of the initial configuration for the simulation of Ag on a Ni{100} substrate
with a spherical dimple; Ag atoms in red, Ni atoms in blue. (a) Slice through center of substrate,
(b) top view.

Fig. 3a shows a slice through the center of the initial configuration of a computational
cell for the simulation of a Ag particle on a dimpled Ni substrate. The dimple in this Ni(100)
substrate is shaped in the form of a spherical segment of radius r=7an;, where an; is the Ni
lattice constant. The depth of the dimple shown in Fig. 3 is 4 ani. Ag is distributed in two ways:
as a randomly arranged sphere of Ag atoms that sits in the dimple, and as randomly located
Ag atoms on the planar region of the slab surface; a view of the initial configuration from
above is shown in Fig. 3b. When configurations with just the random Ag sphere are used as
the initial configuration (i.e. without the added Ag on the planar Ni surface), Ag from the
sphere spreads out over the flat Ni surface during MD equilibration to form an adsorbed Ag
surface layer that coexists in equilibrium with the 3-D Ag particle in the dimple. Since this
diffusive process is slow, placing some Ag initially on the flat part of the Ni substrate allows a
reduction of the time taken for equilibration of the Ni surface. Also, by distributing both the



Ag in the dimple and on the planar Ni surface initially in a random manner, any bias on the

structure of the Ag that might be inherited from the initial configuration is avoided.

Fig. 4. (a) Example of a Ni substrate with a deep facetted dimple. (b) Initial configuration of
Ag for the case of a facetted dimple, as viewed from above (cf. Fig. 3b).

Computations have also been performed using dimples with facetted shapes in order
to assess the effects of dimple shape on progressive confinement of Ag. The shape of the
facetted dimple is shown in Fig. 4a. Dimple depth in Fig. 4a is 4 ani. Figure 4b shows the
structure of the initial Ag configuration prior to MD simulation; the Ag is randomly distributed
in the form of a sphere in the region of the dimple, and as a random layer over the planar

substrate, as was the case for the spherical dimple described in Fig. 3.

Common neighbor analysis

In addition to the simulations described above, some of the structures resulting from

MD and/or LS were subjected to the so-called common neighbor analysis (CNA) [23]. This



type of analysis is able to examine the environment of an atom and determine whether it
occupies a site with surroundings that are characteristic of a particular crystal structure. The
CNA used here was limited to identifying atoms in sites with surroundings characteristic of

FCC, HCP or "unknown" types of sites.

RESULTS AND DISCUSSION

3-D Ag confinement in Ni

We begin by describing the results of simulations of Ag embedded in Ni, where the
primary purpose was to gain information on the OR of Ag for the case of complete 3-D
confinement. Figure 5 displays 2 views, along a close packed <110> direction, of slices
through the approximate center of an equilibrated Ag particle embedded in Ni. Figure 5a
shows the Ag particle together with the surrounding Ni, whereas Fig. 5b is a view of just the
Ag particle, with a color-coding corresponding to a determination of site coordination by CNA.
"Unknown" sites in Fig. 5b (colored green) are either sites located on the interface of the
particle, which lack a full complement of Ag neighbors and are therefore unidentifiable, or
ones located in regions where the local crystalline order has been disturbed by defects of

various types.

Fig. 5. Slices of an embedded Ag particle after equilibration for 4 nsec at 900K, viewed along
a <110> direction. (a) Slice through the approximate center of the Ag particle and the
surrounding Ni matrix (Ag atoms red, and Ni atoms light blue); (b) slice through the Ag particle
after applying the common neighbor analysis (atoms in FCC sites yellow, those in HCP sites
dark blue, and unknown sites green).

Several features are worthy of note. The Ag particle is bounded primarily by {100}
interface planes (top and bottom) and by {111} interface planes (diagonal planes on left and
right hand sides of the figure). There may be small {110} interface planes at the junction
between the two {111} interface planes on the left and right edges respectively; however
these regions appear to be rounded rather than flat, implying that, at the equilibration

temperature of 900 K, the {110} interfaces lie above their roughening temperature. Whereas



the core of the Ag particle is clearly aligned with the surrounding Ni crystal (Fig. 5a), indicating
a cube-on-cube OR, the regions near the {111} faces display different orientations. In
particular, in Fig. 5b, the regions near the {111} faces are seen to be separated from the
cube-on-cube core by single {111} planes that display a hexagonal CNA assignment. Such
single hexagonally coordinated planes in FCC crystals represent coherent twin grain
boundaries.

Finally, it is important to mention that the cube-on-cube OR found by MD is consistent
with the OR found experimentally by electron diffraction in TEM, for Ag particles embedded
in Ni, prepared by melt spinning of Ni-10%Ag ribbons [22]. Such a cube-on-cube OR has also
been observed experimentally for Pb particles equilibrated in Al, a similar low mutual solubility

binary system [24] with large lattice mismatch.

2-D Ag confinement on Ni substrates

In the previous work mentioned above [1], the behavior of Ag films equilibrated on a
large number of Ni substrates of different orientations has been studied. That work showed
that the range of observed ORs was quite large, as there is a whole family of "special" ORs
which represent a gradual transition from the oct-cube OR on Ni{100} to the twin/cube-on-
cube ORs displayed along the dashed line labeled T/C-C in Fig. 1. Those results were
summarized above in Fig. 1. However, when completely embedded in Ni, Ag displays a single
OR, the cube-on-cube OR, as has been demonstrated in the previous section. This 3-D OR is
consistent with the OR observed on Ni substrates with orientations lying in the (111)-(110)-
(210) orange region of Fig. 1, but coincides neither with the 2-D oct-cube OR of Ag on Ni(100),
nor with the family of special ORs. Thus, one important question still needs to be answered:
as a Ag crystal is gradually embedded in, say, Ni(100), at what point does it undergo a change
from 2-D to 3-D behavior?

Gradual increase in Ag confinement in Ni

A gradual change in Ag confinement was accomplished by simulations of Ag on
dimpled Ni{100} substrates. Dimples were either in the shape of a spherical segment, or fully
facetted with a {100} bottom and {111} sides, so as to mimic part of the shape of a fully
embedded particle such as the example shown in Fig. 5. Dimple depth was gradually increased

in order to modify the extent of confinement.
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Fig. 6. Ag particle on dimpled Ni{100} substrates, after MD equilibration (Ag atoms in red, Ni
atoms in blue). Dimple depth was varied from 2 Ni-lattice constants in (a) and (b), to 4 Ni-
lattice constants in (c) and (d). (a) and (c) are vertical slices through the center of the dimple,
and (b) and (d) are horizontal slices at the level of the Ag adsorption layer on the planar
surface of the Ni substrates.

We first describe the results of equilibrating Ag on Ni{100} substrates with dimples in
the shape of spherical segments. These dimples were all 7 Ni lattice constants in radius, but
varied in depth. Examples of dimples with depths of 2 and 4 Ni lattice constants are shown in
Fig. 6. These results were obtained by MD simulations at 900 K of initial configurations similar
to those shown earlier in Fig. 2. In the case of the shallow dimple, the structure of Ag can be
seen in Fig. 6a to consist of a Ag particle in the dimple and a Ag adsorbed monolayer over the
planar part of the substrate. In Fig. 6b, which is a slice at the level of the Ag adsorbed
monolayer, both the adsorbed Ag as well as the Ag in the dimple can be seen to have a
hexagonal symmetry on the Ni{100} substrate (with the exception of an occasional fault) as
expected for an oct-cube OR. In contrast, in Fig. 6d for the case of the deeper dimple, there
is a clear difference in structure between the hexagonal adsorbed Ag monolayer and the
portion of the Ag slice through the Ag particle in the dimple, which displays a square symmetry
consistent with a cube-on-cube OR for the portion of Ag in the dimple. Thus, the OR of the
partially constrained particle undergoes a transition from oct-cube when equilibrated in a
shallow dimple to a cube-on-cube OR when equilibrated in a deeper dimple. This transition

takes place for a dimple depth lying between 2 and 4 Ni lattice constants.
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Since the oct-cube OR is strongly dependent on Ag equilibration with Ni{100} surfaces
it was considered important to determine whether simulations performed on fully facetted
dimples, with well-defined {100} planes, would also show the transition from oct-cube to
cube-on-cube at a dimple depth similar to the case of spherically-shaped dimples. Results of

those simulations are summarized in Fig. 7.

Fig. 7. Horizontal slices at the level of the adsorbed Ag monolayer on a planar Ni{100} surface
after MD equilibration at 900 K. (a) Ag equilibrated on substrate with a dimple depth of 2 Ni-
lattice constants, and (b) Ag equilibrated on a substrate with a dimple depth of 4 Ni-lattice
constants. (Ag atoms in red, Ni atoms in blue).

The shapes of a facetted dimple, and of the initial Ag configuration in such a dimple
were shown earlier in Fig. 4. The results of MD simulation on a substrate with a dimple having
a bottom {100} facet of about 12 Ni lattice constants on a side and a depth of 2 Ni-lattice
constants are shown in Fig. 7a. The figure shows a slice through the dimple at the level of the

adsorbed Ag monolayer on the planar part of the Ni substrate. The Ag displays a hexagonal

11



symmetry in both the adsorbed layer and in the portion of the Ag particle residing in the
dimple, as is consistent with an oct-cube OR. Figure 7b shows that for a substrate with a
dimple of 4 Ni-lattice constants in depth (and the same size bottom facet) the Ag over the
dimple has adopted a square symmetry characteristic of a cube-on-cube OR. These results
are essentially the same as those obtained on substrates with spherical dimples, and confirm
that a transition in OR from oct-cube to cube-on-cube occurs for dimple depths of between 2
and 4 Ni lattice constants. However, it should be emphasized that the depth of the dimple at
the transition from oct-cube to cube-on-cube OR depends on the ratio of the area of the
bottom {100} facet to that of the lateral {111} facets, as discussed in more detail in the

appendix.

Fig. 8. Results of CNA on slices through Ag particles viewed along a <110> direction, with
atoms in FCC sites colored yellow, those in HCP sites in dark blue, and sites with unknown
coordination in green. (a) Particle in a 4ani deep dimple in the shape of a spherical segment,
(b) particle in a 4 ani deep facetted dimple.

It is also interesting to investigate the defects that are present in partially embedded
Ag, as determined by CNA, after simulation by MD. Figure 8 shows the results of CNA
performed on Ag residing on Ni{001} substrates with dimples either in the shape of spherical
segments (Fig. 8a) or entirely facetted (Fig. 8b). The particle in Fig. 8a displays one layer of
atoms with hexagonal coordination (colored blue) in the vicinity of both of its visible {111}
edges, much like the completely embedded Ag particle of Fig. 5b. As mentioned earlier, a
single {111} plane of atoms with hexagonal coordination is the signature of a coherent twin
grain boundary. The Ag particle in the facetted dimple (Fig. 8b) displays two adjacent {111}
planes with hexagonal coordination in the vicinity of only one of its visible {111} edges. The

double {111} hexagonal layer is the signature of an intrinsic stacking fault. The CNA results

12



shown here are, however, not unique, in the sense that different computations performed
from the same starting configuration, but using different seeds for the random number
generator used in the simulations, could produce different defect structures. However,
coherent twin grain boundaries were the most common type of planar defects observed to

occur near the {111} interfaces of Ag particles during these simulations.

CONCLUSIONS

Comparison of the results of simulations in which Ag was equilibrated on 2-D Ni
substrates with those of simulations in which Ag was embedded in Ni (3-D confinement)
showed the following differences. Whereas equilibration of Ag embedded in Ni produces a
single equilibrium OR, specifically a cube-on-cube OR, equilibration of Ag on flat Ni substrates
(i.e. 2-D confinement) produces a series of ORs, as was shown in our previous experiments
[1]. This is an important observation, as it runs contrary to conventional wisdom, which
supposes that the ORs displayed in the presence of 3-D confinement (e.g. during phase
transformations) will also tend to be displayed in epitaxy on a substrate. Thus, one important
conclusion from this work is that ORs produced by 3-D confinement do not provide an
appropriate basis for inferring the ORs that arise when films are deposited and equilibrated
on planar substrates.

It has also been shown that by progressively increasing the degree of 3-D confinement
of Ag particles, through an increase in the depth of dimples at the surface of Ni{100}
substrates, it is possible to produce a transition from an oct-cube OR for Ag equilibrated in
shallower dimples, to a cube-on-cube OR for Ag in deeper dimples. The specific details of the

depth at which the transition occurs are sensitive to the interfacial energies of the dimple.
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Appendix

As a first approximation, we take the total excess energy of a Ag particle in a facetted
dimple substrate to be the sum of the energies of all its interfaces multiplied by their areas.
For the purpose of these estimates we shall use the energies of the Ni/Ag interfaces computed
by Gao et al. [10], using the same EAM potentials as those used in the present MD simulations.

Those are listed in Table 1.

Table 1. Calculated Ni/Ag interfacial energies (mJ/m?) [10]

Ag{100} Ag{110} Ag{111}
Ni{100} 814 1124 437
Ni{110} 995 828 988
Ni{111} 670 960 416

Let us begin by comparing the energies of the bottom Ni{100} dimple interface for the
cases of an oct-cube vs. a cube-on-cube OR. The energy of the oct-cube Ni{100}/Ag{111}
interface is 437 ml/m?, and for the cube-on-cube Ni{100}/Ag{100} it is 814 m]/m2. Thus, the
dimple bottom interface has a clear energy advantage in the oct-cube vs. the cube-on-cube
comparison. As the depth of the dimple increases, a progressively larger fraction of the
interface will consist of Ni{111} facets. In the case of the cube-on-cube OR the resulting four
Ni{111}/Ag{111} interfaces have the lowest energy, namely: 416 mJ/m?. This is consistent
with the expectation that {111}/{111} interfaces in FCC metals will tend to have the lowest
interfacial energy.

In the case of the oct-cube OR, the Ag side of the four Ni{111} interfaces are all
different: they consist of Ag {100} and {221} planes as well as two other high index planes.
Of these interfaces, only the energy of the Ni{111}/Ag{100} is known to be 670 ml/m2. The
average of all the interfacial energies computed by Gao et al. [10] is about 800 ml/m?2.
Considering this figure to be a reasonable estimate of the average energy of the
Ni{111}/Ag{hkl} interfaces, it is clear that a transition in stability from oct-cube to cube-on-
cube OR will occur when the area of Ni{111} will exceed Ni{100} area at the Ni/Ag interface,
i.e. somewhere between a dimple depth of 2an and 4ani.

It is worth noting that the contribution of strain energy to the total excess energies of
the two configurations may also contribute to the transition.

16



