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Numerical investigation of the stability of Ag-Cu nanorods and nanowires
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Molecular dynamics simulations have been employed to investigate thermally-induced phase separation
processes in nanometer-sized Ags,Cus, rods and wires. In the absence of concentration gradients, the mecha-
nism underlying the system decomposition consists of two stages. Roughly below 260 K, the thermal response
is governed by the displacement of individual surface atoms. Above such temperature, phase separation pro-
ceeds via cooperative rearrangements involving also bulklike atomic species. The result is the formation of
systems with an Ag-rich phase segregated at the surface. Significantly different thermal responses are obtained
in the presence of concentration gradients perpendicular or parallel to the wire axis. First, the phase separation
process is favored and takes place at lower temperatures. Second, an almost complete decomposition of the
system in Ag- and Cu-rich domains is obtained and not the surface segregation of the Ag-rich phase. The
decomposition is also accompanied by a considerable distortion of the originally regular nanowire shape.
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I. INTRODUCTION

Nanometer-sized systems (NSs) are currently the focus of
intense scrutiny due to the impressive suite of novel physical
and chemical properties exhibited in contrast to bulk
counterparts.' All such properties can be in principle
connected with two fundamental aspects characteristic of
NSs.!=3 First, the fraction of atoms with unsaturated coordi-
nation shells is no longer negligible and the rate of surface-
involving processes such as self-assembly and catalysis is
correspondingly enhanced.'~> Second, the number of atoms
in NSs is far from the thermodynamic limit."~* The con-
straints imposed by classical thermodynamics can corre-
spondingly significantly relax, allowing the occurrence of
processes unusual for bulk phases.'™

The two above-mentioned factors govern to a various ex-
tent the stability of NSs and their capability of withstanding
external perturbations. For example, melting points and la-
tent heats of transition have been shown to critically depend
on the system size,'> decreasing as it decreases.’ Deforma-
tion mechanisms and mechanical properties of NSs such as
particles, wires, and tubes are affected as well by size
effects.!36=% Also the thermodynamic stability of phases is
seriously undermined by the dynamics of surface atoms,
which are characterized by a significantly larger mobility
than bulk atoms. Precisely, this latter general observation
takes a particular importance in the case of metastable phases
formed by immiscible elements.

The equilibrium phase diagram for immiscible systems in
bulk form indicates a very small terminal mutual solubility.
The latter is limited to very small atomic percentages as a
consequence of the positive enthalpy of mixing.'® In spite of
this, massive crystalline alloys of immiscible elements can
still  be synthesized by imposing suitable kinetic
constraints.!'~!3 High cooling rates,'""'? for example, or the
codeformation of metals'>!# permit one to bypass the ten-
dency to decomposition originating from the positive en-
thalpy of mixing® and keep the elements together in a crys-
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talline lattice. Even though the obtained bulk alloys are
expected to be metastable according to equilibrium thermo-
dynamics, they are stable at relatively low temperatures on
long time scales.

The aforementioned form of metastability is achieved by
the very low mobility of atomic species that prevents, for
example, an appreciable growth of local compositional fluc-
tuations. In a bulk system the diffusion paths remain there-
fore long enough to make decomposition a quite improbable
event at relatively low temperatures.'! In contrast, NSs are
characterized by small volumes and the surface atoms pos-
sess relatively high mobility.'= It follows that local compo-
sitional fluctuations can be unexpectedly amplified, thus
originating a structural instability for NSs formed by immis-
cible elements. The present work aims at investigating pre-
cisely this possibility in the case of Ag-Cu NSs by exploit-
ing, in particular, molecular dynamics (MD) methods to
analyze their thermal behavior. Ag-Cu represents a classical
immiscible system with positive enthalpy of mixing and
metastable solubility over the whole compositional
range.>!'"!13 Due to the qualitative nature of this study, it
should, however, be regarded as a model immiscible system.
Attention has been focused first on the role of spontaneous
compositional fluctuations. To such an end, the thermal be-
havior of a small nanometer-sized rod consisting of an equal
number of Ag and Cu atoms randomly distributed on the
crystalline lattice was characterized. Once the role of spon-
taneous fluctuations was addressed, attention was shifted to a
nanometer-sized wire characterized by concentration gradi-
ents along its main axis. It is worth noting that all the NSs
dealt with can be in principle prepared via refined solution
methods® 2 and the questions analyzed in this work could be
amenable to experimental investigation.

II. MOLECULAR DYNAMICS SIMULATIONS

Reproducing to a satisfactory extent the basic features of
metallic systems requires the use of a many-body treatment
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TABLE 1. Potential parameters for the pure and cross interactions between Ag and Cu atoms.

A & ro
(kJ mol™") (kJ mol™") P q (nm)
Ag-Ag 9.936 113.749 10.909 3.141 0.288
Ag-Cu 7.229 107.783 11.000 3.500 0.288
Cu-Cu 8.249 118.099 10.960 2.278 0.255

of interactions, which presents remarkable advantages over
the simpler pair-potential description. The so-called Cauchy
discrepancy of elastic constants, the estimation of vacancy
formation energies and the surface structure, as well as some
relaxation properties, can be in such a way better accounted
for.?! This is possible because a many-body potential in-
cludes, at least at a phenomenological level, the essential
band character of the metallic bond.?! A relatively simple
scheme for relating atomic and electronic structures is repre-
sented by the tight-binding (TB) method,?' which describes
the ion-ion interaction by an effective band term and a short-
range repulsion. It is based on the evidence that several ther-
modynamic and structural quantities are mostly related to the
average value and effective width of the electron density of
states (DOS). The latter is then connected with the crystalline
lattice topology via its moments. In particular, the experi-
mental binding energies are proportional to the square root of
the second moment, which describes the DOS effective
width.?! An analytic form for the TB potential is obtained by
limiting the sum of different electronic contributions to the
nearest neighbors.21 Better performances are, however, ob-
tained by including a larger number of coordination shells.??
Within the semiempirical TB scheme the cohesive energy is
expressed as?

N . N . (rk] )
E=2 2 si) | 2 2 siAye il
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N 12
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- E 2 s,fije \ro4 . (1)
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The first term on the right-hand side represents a pairwise
Born-Mayer repulsive contribution, whereas the second term
accounts for the band energy contribution by incorporating a
many-body summation.?? Quantum mechanical in origin, this
band energy term approximates the sum of squares of so-
called hopping integrals by using an exponential function,
rather than the usual power-law dependence of Slater-Koster
parameters on the distance r;; between atoms k and 1.2% s} is
an occupation variable equal to 1 when the atom k is of
species i and 0 otherwise. ry ; is the distance between nearest
neighbors of species i and j at 0 K and N is the total number
of atoms. The characteristic parameters A;;, &;, p;j, and g;;
quantify the pure and cross interactions between pairs of at-
oms of chemical species i and j. Their values for Ag-Ag,
Cu-Cu, and Ag-Cu interactions were taken from the
literature®>?3 and are reported in Table 1. Forces were evalu-
ated within a cut-off radius approximately extending to the
seventh shell of neighbors.?>?3

Unsupported nanometer-sized rods roughly 10 nm long
with square cross section of about 5 nm in length were gen-
erated by starting from a larger bulk system. This contained
64 000 atoms arranged in a crystalline lattice formed by 20
X 20X 40 elementary crystallographic cells with cF4 face-
centered-cubic (fcc) symmetry. Ag and Cu atomic species
were randomly distributed on the lattice sites to form a meta-
stable equiatomic crystalline solid solution. This system was
relaxed within the Nose-Andersen isobaric-isothermal NPT
ensemble with number of atoms N, pressure P, and tempera-
ture 7 constant.’*? Temperature and pressure were corre-
spondingly controlled by the Nose thermostat and the Ander-
sen barostat, which couple the system with heat and stress
reservoirs via suitably defined fictitious quantities affecting
the dynamics of individual atoms.?*> A systematic variation
of such quantities for the identification of their best values
was carried out in previous work.”>?*> The Parrinello-
Rahman scheme was also implemented to properly deal with
possible distortions of the elementary cell symmetry.?® The
method essentially regards the side lengths and the angles
defining the simulation cell as dynamic variables that can be
subjected to significant changes during the course of the
simulation, thus allowing the occurrence of possible transi-
tions between phases with different crystallographic
symmetry.’® Equations of motion were solved with a fifth-
order predictor-corrector algorithm?” and a time step of 2 fs.
Periodic boundary conditions were applied along the three
Cartesian directions. Relaxation was carried out at 200 K and
null pressure. Potential and kinetic energy as well as volume
fluctuations were monitored to ascertain the attainment of a
relaxed configuration. This occurred within about 80 ps, but
equilibration was pursued further for an additional 20 ps.
Once the bulk was equilibrated in the NPT ensemble, a sec-
ond relaxation stage of 50 ps was performed in the NVT
ensemble with number of atoms N, volume V, and tempera-
ture 7 constant. In this case, the checks for equilibration
were carried out also on the fluctuations of the stress levels
along the three Cartesian directions.

A parallelepiped-shaped region with the same characteris-
tic sizes of the desired unsupported nanorod was then se-
lected. The parallelepiped orientation with respect to the fcc
lattice was suitably chosen in order to form a nanorod of
17 521 atoms with (100) crystallographic facets. The nano-
rod was finally isolated from the bulk by removing all the
atoms outside the parallelepiped. This was done progres-
sively by linearly reducing to zero in 50 ps the A;; and §;
potential parameters for the interactions between the atomic
species inside and outside the selected region. It is worth
noting that, although relatively cumbersome, the described
procedure allowed us to obtain remarkably relaxed surfaces.
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It should also be noted that the choice of dealing with a
nanorod exhibiting (100) facets is motivated by the desire of
avoiding difficulties not essential to the qualitative character
of the present study. As shown in previous work,”® most
stable wires and rods with fcc lattices are expected to exhibit
both (100) and (111) facets. This implies, however, the pres-
ence of boundaries along the main axis of the elongated sys-
tems, which makes the analysis of the dynamics of indi-
vidual species more difficult. On the other hand, it is,
however, worth noting that the different coordination of at-
oms in (111) and (100) crystallographic facets is expected to
affect their overall mobility. In particular, atoms in the (100)
facets should be more mobile than atoms in the (111) facets
due to their smaller coordination number.

An analogous procedure was applied to obtain an Ag-Cu
nanowire slightly longer than 40 nm with a square cross
section of about 5 nm in length and (100) crystallographic
facets. In this case, a different bulk system was used consist-
ing of 192 000 Ag and Cu atoms randomly arranged in a
crystalline lattice formed by 20X20X 120 fcc elementary
cells. Such a bulk system was relaxed first in the NPT en-
semble and then in the NVT one for 100 and 50 ps, respec-
tively. The relaxed nanowire contained about 70 000 atoms.
Concentration gradients were generated at regular periodic
distances along the nanowire axis by ideally dividing the
system into eight cubic portions with virtual planes perpen-
dicular to the wire axis. The number of Ag and Cu atoms was
changed in the 0.5-nm-wide regions on one side and the
other of each virtual plane. More specifically, Ag atoms were
randomly selected and transformed into Cu and vice versa.
Alternate Ag- and Cu-rich domains were thus created. The
0.5-nm-wide regions were compositionally modified in order
to attain at their center the stoichiometries Ag;,Cus,
AggoCuy, and AggoCuy,. The overall concentration gradient
in Ag-rich domains was then defined case by case by the
AgsoCus, stoichiometry and one of the aforementioned com-
positions. Concentration gradients in Cu-rich domains were
analogously defined by the Ags,Cus, stoichiometry and one
of the Ag;,Cuyy, AgyroCug, and Ag;,Cug, compositions. The
whole procedure will be detailed in the text when dealing
with nanowires characterized by concentration gradients.

Calculations were also performed on a nanowire in which
the region characterized by a concentration gradient is paral-
lel to the NS axis. A schematic representation of nanorod and
nanowire systems is reported in Fig. 1 for the sake of illus-
tration. The regions involved in concentration gradients are
also shown.

The potential parameters employed determine an enthalpy
of mixing for the equiatomic AgsyCus, bulk phase of about
+13 kJ mol~!. This value is larger than the experimental one
for a chemically-disordered fcc Ags,Cus, bulk solid
solution.!® The difference between predicted and observed
values represents in principle a limitation of the TB potential
used in this work. A larger positive enthalpy of mixing can,
however, be regarded as a significant advantage in the
present study. It is indeed expected to enhance the thermo-
dynamic tendency of the alloyed system to decompose,
which in turn results in a decrease in simulation times with-
out affecting the qualitative character of the investigation.

The thermal behavior of nanorods and nanowires was
studied at null external pressure. The temperature was in-
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FIG. 1. A schematic representation of the nanorod and nanowire
systems investigated. In the latter case concentration gradients
along the axis are also indicated for the sake of illustration. The
light and dark gray lines indicate, respectively, Ag- and Cu-rich
phases.

creased by 2 K every 40 ps. Simulations 20 ns long were also
carried out at constant temperature with the aim of charac-
terizing particular aspects of the observed atomic dynamics.
Calculations were repeated at least three times to check the
reliability of the results obtained.

For each atom, the dynamics was definitely affected by
the degree of saturation and geometry of its coordination
shell. The increase in the oscillation amplitude actually un-
dergone by the atoms was then dependent on the local ar-
rangement of their nearest neighbors.?®=3! Actually, the spe-
cies located at edges and surfaces and the ones in the
bulklike region of the investigated NSs exhibited different
thermal stabilities.

It is worth noting here that two different surface species
are considered in the investigated systems, namely, the atoms
located at plane surfaces and the ones located at the edges of
the regular solid. Surface and edge atoms can be generally
distinguished in terms of position and number of nearest
neighbors. In different cases the distinction between edge
and surface atoms can, however, give rise to misunderstand-
ings and confusion. For this reason, the term “surface atoms”
will also be used to include edge atoms. Accordingly, all the
atomic species possessing a coordination number smaller
than 10 will be referred to as surface atoms.

The mobility of individual atoms was quantified by evalu-
ating their mean square displacement (MSD) (Ar?).>’ The
self-part of the van Hove function G(I,Ar) and the nonGaus-
sian parameter a,(Ar) were used to point out the possible
occurrence of collective atomic rearrangements.’>33 The
self-part of the van Hove function G,(/,Ar) measures the
probability for an atom to cover a distance [ in a time interval
At, whereas the nonGaussian parameter «,(A¢) quantifies the
deviation of G,(/,Ar) from a Gaussian distribution. Irrespec-
tive of the temperature, the system exhibited a cooperative
dynamics on a characteristic time scale 7 of about 20-25 ps.
Cooperative dynamics was further characterized by evaluat-
ing the average number of atoms participating in collective
displacements in a time period 7 (Refs. 32-34),

nn=S—, 2)

where P,(7) represents the probability of observing a group
of n atoms undergoing a cooperative rearrangement. Such
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atoms were identified on the basis of their mobility, relatively
high with respect to the others, and their capability of re-
maining neighbors after motion has occurred.’>=* The con-
dition 0.35r,,, <|r;(7)-r,0)| <0.86r,,;, was used to identify
mobile atoms i. Here r;(¢) represents the ith atom position at
time , r,, is the distance of nearest neighbors indicated by
the global pair correlation function (PCF) (Ref. 27), and ry,
is the distance at which the global PCF has the first minimum
at the temperature considered. Mobile atoms i and j remain-
ing neighbors in correlated displacements were instead de-
fined as the atomic species satisfying the condition
min[|r,(7)-r(0)|,|r;(7)-r,(0)[]<0.43r,,.’* This condition is
based on the assumption, supported by numerical evidence,**
that in most cases of collective behavior atomic species
move in strings. The condition above assures precisely that,
after a displacement into the string, the atom i occupies the
position formerly occupied by the atom j or vice versa. The
displacement length threshold of 0.43r,, was chosen to be
less than an interatomic distance to distinguish correlated
displacements in the string from different mechanism of
displacement.> The numerical coefficients used are able to
effectively separate cooperative motions from thermal vibra-
tions and vacancy-mediated exchanges of atoms.** Similar
results are obtained when slightly different values are used.

Demixing processes were monitored by evaluating the

chemical short-range order (CSRO) parameter®—37
B a
_Mang 5
NS+Ng§

where Ng (Nz) is the average number of nearest neighbors of
species B (@) around « (B) atoms. Segregated, randomly
mixed, and short-range ordered systems can be thus conve-
niently identified.>>>” For such ideal structures the CSRO
parameter () takes indeed, respectively, the values —1, 0 and
1.

The energy 7v,o0 of (100) surfaces of Ag, Cu, and
AgsoCus, alloys was evaluated in simulations carried out in
the NPT ensemble on a semicrystal according to a procedure
described in detail elsewhere.® Systems of about 17 100 at-
oms arranged in stacking sequences of 19 (100) atomic
planes were used.

III. DYNAMICS OF INDIVIDUAL ATOMS

The progressive temperature increase determines a corre-
sponding increase in atomic motion. The data shown in Fig.
2 indicate that the MSDs (Ar?),, and (Ar?)c,, respectively,
of Ag and Cu atoms in the nanowire exhibit a linear depen-
dence on the temperature 7. Being almost perfectly super-
posed to the ones of the nanowire, the data obtained from the
nanorod are not shown for the sake of clarity. It appears that
the MSDs of atomic species in NSs are on the average sig-
nificantly larger than the ones of Ag and Cu atoms in mas-
sive bulks, also reported in Fig. 2 for comparison. The atoms
forming nanorods and nanowires exhibit then a relatively
large vibration amplitude.

Such a situation, already reported in literature, origi-
nates from both structural and thermodynamic factors. The

39,40
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FIG. 2. (Color online) The MSD (ArZ)Ag and (Ar?)q, of Ag and
Cu atoms as a function of the temperature 7" for the nanowire case
(full symbols). The MSD of Ag and Cu atoms in a bulk system are
also reported for the sake of comparison (open symbols).

former can be suitably pointed out by classifying the atoms
in the NSs investigated as a function of their MSDs. The
evaluation and comparison of the MSD values of individual
Ag and Cu atomic species indicate that three different sets of
atoms can be identified on such basis. The MSD values char-
acteristic of each set are reported in Fig. 3 for Ag and Cu
atoms in the nanorod system as a function of their average
potential energy u. This is defined as the average potential
energy of the central atom interacting with all the neighbor-
ing species located within the potential cut-off radius. Analo-
gous data are obtained in the case of nanowires. It can be
seen that the larger MSD values pertain to Cu atoms located
at the edges of the nanorod. Intermediate MSD values are
instead characteristic of atoms located at the plane (100) sur-
faces, whereas the smallest ones pertain to species located in
the bulklike region. The term “bulklike” is in this context
motivated by the evidence that the MSD of bulklike species
is approximately equal to the one of Ag and Cu atoms in a
massive bulk at the same temperature, as can be seen by
comparing the data reported in Figs. 2 and 3. The hierarchy
of MSD values observed thus reveals that the vibration am-
plitude, and in a sense the mobility, of Ag and Cu atoms

0.3
edge
0
?:E 02} Ag
N/i surface’,,w”” -
é 0.1fbulk-like oy
-

00 L L L
-400 -300 -200 -100 0
Average potential energy , u (kJ mol™)

FIG. 3. (Color online) The characteristic MSD (Ar2>Ag and
(Ar?)c, values worked out from the analysis of individual Ag and
Cu atom dynamics as a function of their average potential energy u.
Data refer to the nanorod case at 254 K. The atomic sets from
which the values originate are also indicated.
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FIG. 4. (Color online) The CSRO parameter () of the nanorod
(open circles) and nanowire (full circles) systems with no concen-
tration gradient as a function of the temperature 7.

roughly scales with the number of coordinated species. It is
the different coordination number that determines the differ-
ent thermal response of edge, surface, and bulklike atoms. It
thus represents a fundamental feature to understand the dy-
namics of atomic species in NSs.

The thermal response of the investigated NSs is also af-
fected by thermodynamic factors, which are though much
less important than structural ones. Their existence can be
pointed out by comparing the MSD values for Ag and Cu
atoms located in their pure bulks and in a Ags,Cus, bulk
system. It appears in fact that Ag and Cu bulklike atoms in
the systems investigated, as well as the ones in a disordered
AgsoCus, bulk alloy, exhibit MSD values about 10% larger
than Ag and Cu atoms in pure Ag and Cu lattices at the same
temperature. The larger amplitude of atomic motion of bulk-
like species in alloyed systems can be in first approximation
related to the unfavorable potential energy of cross Ag-Cu
interactions with respect to pure Ag-Ag and Cu-Cu ones. The
positive enthalpy of mixing induces indeed a tendency to-
ward spontaneous decomposition of the metastable alloy,
which, in turn, can be thought to enhance the atomic mobil-
ity.

The different features discussed above are common to the
nanorods and nanowires investigated. However, the thermal
response of each system is intimately connected with its
structural and thermodynamic characteristics. This means
that the nanorod and the nanowire with no concentration
gradient along the axis are expected to exhibit a thermal
behavior different from the one of nanowires with concen-
tration gradients. For the sake of clarity, the two different
cases will be thus discussed separately.

IV. NANOROD AND NANOWIRE WITH NO
CONCENTRATION GRADIENT

The nanorod and the nanowire, respectively, 10 and 40
nm long exhibit a similar thermal response, which was stud-
ied by monitoring the variation of the CSRO parameter ()
with the temperature 7. The data for the two systems are
shown in Fig. 4. In both cases, the first indications of system
decomposition are detected at about 266 K, when () starts a
gradual decrease from O to negative values. Phase segrega-
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FIG. 5. The cross-sectional view of the nanorod at 312 K. The
light and dark gray circles indicate, respectively, Ag and Cu atoms.

tion processes occur correspondingly and 266 K can be re-
garded as the temperature for the onset of decomposition.
The Q) decrease proceeds at low rates until a temperature of
about 298 K is attained. A drop of ) values from roughly
—0.06 to —0.59 is then observed between 298 and 312 K. At
312 K the nanorod and nanowire systems are characterized
by a considerable segregation degree, with an Ag-rich phase
separated by a Cu-rich one. The cross-sectional views of the
nanorod and nanowire at 312 K, one of which is presented in
Fig. 5 for the sake of illustration, clearly show that the Ag-
rich phase has segregated at the system surface. It is, how-
ever, worth noting that the structures with the Ag- and the
Cu-rich phases, respectively, at the surface and in the bulk
have undergone only a partial decomposition. Their compo-
sitions correspond in fact to about Agg,Cu,, and Ag,,Cug.

The occurrence of surface segregation phenomena in
Ag-Cu binary immiscible NSs is a well-known fact.*!*> The
phase separation process promotes the formation of the NSs
with the lowest possible surface energy. Therefore surface
energies play a major role and the results can be sensitive to
the capability of the force scheme employed in reproducing
the surface properties. In the specific case of the TB poten-
tial, the surface energy 7y values predicted for (100), (110),
and (111) surfaces for Ag, Cu, and disordered Ags,Cus, sys-
tems are reported in Table II. The corresponding surface en-
ergy 7y values obtained from ab initio calculations*’ are also
reported for the sake of comparison. It can be seen that,
although smaller than ab initio ones, the surface energy 7y
values obtained from TB potential follow the same hierarchy.
The vy values for the systems considered here are therefore
reliable at least on a relative basis, which is the necessary
level of accuracy required to the present qualitative work. It
appears that the energy vy, of Ag (100) surfaces is lower
than the one of Cu and AgsyCus, surfaces. The Ag surface
segregation processes in nanorods and nanowires determine
then the formation of the most stable segregated phases. A
decomposed system with the Cu-rich phase at the surface
would indeed have a remarkably higher surface energy.

As the temperature further increases above 312 K a cor-
responding increase in the degree of phase separation is ob-
served. The decrease in the CSRO parameter () is, however,
quite slow and values around —0.80 are attained only at
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TABLE II. The energy 7y values for (100), (110) and (111) sur-
faces for Ag, Ags,Cusy and Cu systems as obtained from TB poten-
tial (upper panel). The energy 7y values for (100), (110) and (111)
surfaces for Ag and Cu systems as obtained from ab initio calcula-
tions (lower panel).

TB potential Ag AgsoCusg Cu
Y100, Jm~2 0.98 1.34 1.53
Y110, Jm2 1.07 1.42 1.63
Y111, Jm™2 0.86 1.13 1.37
Ab initio* Ag Cu
Yioo, Jm™2 1.29 1.93
Y110, Jm2 1.42 2.04
Y111, Jm™2 1.14 1.73

dReference 41.

about 500 K. Being () still around —0.86 at about 900 K, no
significant dynamical event takes place below such tempera-
ture except for atomic displacements promoting a very slow
demixing process. This slow transformation is replaced by a
significantly faster dynamics roughly above 920 K, when a
premelting process involves the surface layers of both nano-
rod and nanowire systems. In correspondence with the afore-
mentioned temperature range a rise in the CSRO parameter
Q) values is observed. Surface premelting induces indeed a
mixing of the Ag and Cu chemical species, which are mis-
cible in the liquid phase. Being only the outer surface layers
involved by premelting, a limited () increase is observed.
Complete mixing is instead attained above 942 K, when
melting also involves the bulklike region. This determines
the interdiffusion of elements as a consequence of the rela-
tively fast dynamics of the liquid phase.

The phenomenological description of the thermal behav-
ior of nanorod and nanowire systems deserves a further com-
ment here. The mechanistic scenario described above is in-
deed sensitive to the rate at which the temperature is
gradually raised. More specifically, the temperatures at
which the various characteristic steps of the decomposition
process take place are expected to decrease as the heating
rate decreases and vice versa. These are of course changes of
quantitative nature. Qualitative changes are not expected.

A. Mechanism of phase separation

As shown by the CSRO parameter () data discussed
above, the alloy decomposition proceeds gradually. At least
two different stages, characterized by different atomic mobil-
ity regimes, can be identified depending on the temperature
range. Although according to the () values decomposition
starts approximately at 266 K, a careful analysis of atomic
displacements points out that local phase separation pro-
cesses involve surface layers already at about 250 K. This
can be ascribed to the enhanced mobility of edge and surface
atoms. Edge atoms, in particular, undergo relatively long-
range displacements even at temperatures below 256 K. Ex-
hibiting an apparently stochastic dynamics, edge atoms are
not only capable of moving along the edges of NSs, but also
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FIG. 6. (Color online) (a) The number densities pag g and pcy s
of Ag and Cu surface domains and (b) the fractions a,,, and acy
of Ag and Cu surface atoms as a function of the temperature 7.

of exploring the adjacent plane surfaces. Under such circum-
stances, they behave like adsorbed species diffusing over the
two-dimensional surface domain. It is precisely during such
events that edge atoms occasionally exchange their position
with atomic species of the underlying surface. Thus, an atom
originally located at the edge of the nanorod or the nanowire
becomes a surface species. At the same time, the opposite
process occurs and a surface atom transforms into an ad-
sorbed species and starts its thermal diffusion on the plane
surface.

All the atomic exchange events observed during this stage
are remarkably localized and involve only two species. No
evident indication of collective character was obtained. It
seems that exchanges are aimed at increasing the number of
neighboring atoms of the same species, thus establishing the
highest possible number of pure favorable Ag-Ag or Cu-Cu
interactions. In fact, exchanges hardly involve atoms of the
same chemical species. In other words, adsorbed Ag (Cu)
atoms exchange their positions with surface Cu (Ag) atoms
and not with Ag (Cu) ones.

The progressive replacement of surface atoms of a given
species with atoms of the other determines the formation at
plane surfaces of pure Ag and Cu domains. The number Ny
of such domains for Ag and Cu species was roughly esti-
mated by identifying the surface regions in which a given Ag
(Cu) atom has at least five Ag (Cu) nearest neighbors also
located at the surface. At temperatures below 260 K the Ag
and Cu surface islands form with approximately the same
probability. This can be seen from Fig. 6(a), where the num-
ber densities pg¢q and pcysq Of Ag and Cu surface domains
per surface area unit are reported as a function of the tem-
perature T. The pagq and peysq Values are indeed roughly
equal. The two quantities become instead increasingly differ-
ent at temperatures above 260 K. In particular, the number
density py,qq Of Ag domains increases, whereas the pc,
one of Cu domains decreases. This indicates that Ag surface
domains are formed preferentially. A behavior similar to the
one of pa, ¢ and pc, ¢ quantities is exhibited by the fractions
apgs and ag, ; of Ag and Cu surface atoms, defined respec-
tively as the ratio between the number of Ag or Cu surface
atoms and the total number of atoms in the system. The a,g
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tive rearrangements as a function of the temperature 7. The inset
shows the probability P,(7) of finding a cluster of n mobile atoms
in a time period 7. Data refer to the case of the nanorod at 270 K.

and ac,, data are shown in Fig. 6(b) as a function of the
temperature 7. Initially almost coincident, a,,, and ac,
also begin to change above 260 K, with @, , increasing with
temperature 7. The increase in a,, ; proceeds monotonically
until the whole surface is formed by Ag atoms. It is worth
noting that the continuous increase in the number of Ag sur-
face atoms is eventually responsible for the decrease in the
number density py,¢q Of Ag surface domains. It determines
indeed first their growth and then their coalescence.

The preferential formation of Ag surface domains above
260 K suggests a change of the mechanism underlying
atomic displacements. In fact, the segregation of Ag atoms at
the surface necessarily implies the involvement of bulklike
species in atomic rearrangements. It represents in fact the
only possibility of increasing the number of Ag atoms at the
surface. The change of mechanism must be ascribed to the
fact that while individual atoms can easily exchange their
position as far as only surface species are involved, coopera-
tive processes are required in the case of more complex re-
arrangements involving bulklike species.

The mobility of Ag and Cu atoms in this stage was char-
acterized by means of the self-part of the van Hove function
G,(1,Ar). The G(l,Ar) functions of both the Ag and Cu
atomic species exhibited a second peak approximately at the
average distance r,, ,, of nearest neighbors indicated by the
partial aa PCFs. Such a peak underwent a relatively slow
growth, attaining a maximum value after a time period 7 of
about 25 ps. The time period 7 is roughly the same for Ag
and Cu species. At the same time period 7 the nonGaussian
parameter a,(Af) also attained a maximum. According to
previous work,>3 such evidences were ascribed to the oc-
currence of cooperative diffusion processes.

The transition between two atomic mobility regimes at
about 260 K is further demonstrated by the data concerning
the number of atoms participating in collective displace-
ments on time scales measured by 7. The average number
n(7) of collectively rearranging atoms is reported in Fig. 7 as
a function of temperature 7. Data indicate that 72(7) values
are very small at temperatures below 260 K, whereas a pro-
gressive increase is observed above it. It follows that indi-
vidual atomic displacements taking place during the first
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FIG. 8. A cluster of mobile Ag and Cu atoms. The cluster was
taken from an atomic configuration of the nanorod at 268 K. The
light and dark gray circles indicate, respectively, Ag and Cu atoms.

stage of phase separation at temperatures below 260 K are
gradually replaced by cooperative rearrangements. A maxi-
mum value is attained slightly above 300 K, followed by a
rapid decrease to zero above 320 K. This indicates that the
temperature range over which cooperative rearrangements
effectively occur is quite limited. The rationale for such be-
havior is provided by the fact that collective atomic displace-
ments take place as far as Ag surface segregation is not com-
pleted. With the partial decomposition complete at about 320
K, as indicated by the CSRO parameter () data in Fig. 4,
cooperative rearrangements are correspondingly no longer
observed.

It is worth noting here that only the 72(7) values mark the
occurrence of the aforementioned transition. The probability
P,(7) of finding a cluster of n mobile atoms in a time period
7, shown in the inset of Fig. 7 for the temperature of 270 K,
exhibits indeed the same shape irrespective of the tempera-
ture. The average chemical composition of mobile atom clus-
ters is left unaffected in an analogous way. Such average
composition corresponds to the relative number of Ag and
Cu species participating in correlated displacements. Inde-
pendent of temperature, a cluster of n mobile atoms is
formed on the average by about 0.52 n Ag and 0.48 n Cu
atoms. It follows that Ag and Cu atoms exhibit in coopera-
tive rearrangements roughly the same atomic mobility.

One of the relatively large clusters formed by mobile Ag
and Cu atoms is shown in Fig. 8 for the sake of illustration.
Such clusters have a disordered structural arrangement re-
sembling the one of fractal aggregates. The dimensionality of
clusters with number of connected atoms n larger than ten
was estimated by approximately quantifying their average
fractal dimension dy. This was done by identifying the two
most distant atoms within each cluster and evaluating their
distance, which is generally referred to as the cluster length
L.** The logarithm of L, In L, was then plotted as a function
of the logarithm of the cluster size n, In n. The data, quoted
in Fig. 9, exhibit an approximately linear arrangement with
slope v. It follows that L and n obey the power law Lxn”.
Once evaluated the average slope v by carrying out a linear
best-fitting of data, the average fractal dimension d, was fi-
nally estimated by taking advantage of the relationship v
%djﬁl.“ A d; value of about 1.23 was obtained. It thus ap-
pears that the mobile atom clusters formed in the regime of
cooperative atomic mobility tend to a one-dimensional occu-
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FIG. 9. (Color online) The logarithm of L, In L, as a function of
the logarithm of n, Inn. A best-fitted line with slope v is also
shown. Data refer to the nanorod at 300 K.

pancy of space. They have a stringy arrangement and can be
thought as roughly connecting the surface of the nanorod and
nanowire systems with their interiors. Such an arrangement
promotes the exchange of atomic species between the two
regions and permits the involvement of bulklike atoms in
cooperative rearrangements.

The formation of mobile atom clusters and the coopera-
tive character underlying atomic mobility at temperatures
above 260 K determine a relatively fast evolution of the NS
structures. The CSRO parameter ) values point out that the
phase separation processes mediated by highly cooperative
atomic rearrangements terminate at about 312 K, when not
all the Ag atoms have segregated at the surface. The ob-
served arrest of the decomposition reaction is due to the con-
sumption of the Ag atoms in the layers immediately below
the surface. Such a phenomenon, responsible for the enrich-
ment in Cu atoms of the layers immediately below the sur-
face, has been already observed and reported in literature.*
Under such conditions, the Ag atoms should reach the sur-
face by diffusion starting from the bulklike interior. Corre-
spondingly, their arrival at the surface is much slower. In
addition, the diffusion mechanism also changes. Cooperative
rearrangements are indeed replaced by conventional,
vacancy-mediated thermal diffusion processes. This is prob-
ably due to the fact that phase decomposition can be consid-
ered almost complete in the surface regions and in their
neighborhoods. For this reason, the chemical driving force
related to the positive enthalpy of mixing has essentially dis-
appeared. Under such circumstances, the atomic mobility is
mostly restricted to edges and surfaces until temperatures as
high as 750 K are reached. It is finally worth noting that the
MSD values exhibited by both Ag and Cu atoms are smaller
at this stage than during the initial stages of the phase sepa-
ration process. This can be once more rationalized by invok-
ing a sort of dynamical arrest consequent to demixing. Re-
ducing the thermodynamic metastability, the partial system
decomposition has also reduced the atomic mobility.

B. Long-time behavior at constant temperature

The stability of the nanorod against phase decomposition
was also investigated in simulations about 20 ns long at con-
stant temperature. Two temperatures were selected in order
to characterize the system behavior under the two identified
atomic mobility regimes. Calculations were thus carried out
at 256 and 278 K starting from atomic configurations at-
tained in simulations performed under gradual heating con-
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FIG. 10. (a) The number density pa, g of Ag surface domains
and (b) the number n,, ¢4 of atoms connected in a single Ag surface
domain cluster as a function of the time ¢. Data refer to the nanorod
at 256 K.

ditions. An additional test was performed on a nanorod in
which a given number of Ag and Cu atoms were selected and
removed to create vacancies. The structural and chemical
evolution of the nanorod was then followed as in the other
cases to ascertain the role of vacancies in the phase separa-
tion process.

Three simulations were carried out at 256 K. The first two
indicate that the demixing process does not proceed after the
stage in which Ag and Cu surface domains are formed. The
mobility of atomic species located at the edges and plane
surfaces permits the nucleation and growth of such domains,
but the structural evolution attains a dynamic equilibrium
between the formation of new domains and the disappear-
ance of old ones. This can be seen from Fig. 10(a), where the
number density pag q Of Ag surface domains is reported as a
function of the time 7. In fact, pa,q undergoes continuous
and significant fluctuations roughly between 15 and 30. Such
fluctuations originate from the coalescence and decoales-
cence of neighboring surface domains as a consequence of
the dynamics of individual atoms. The influence of such dy-
namics on the number density and size of surface domains
can be indirectly inferred from the data shown in Fig. 10(b),
where the size nyg of a given Ag surface domain is re-
ported as a function of the time ¢. Data indicate that the
number n,, q of Ag atoms connected in the surface cluster
changes irregularly and discontinuously over time intervals
shorter than the time period 7 characteristic of cooperative
motion. The time scale observed in this case is therefore
regarded as characteristic of the individual atom dynamics. It
can be seen that the number n of connected atoms not only
undergoes small changes amounting to single units, but also
significant changes of 10 to 20 units. These are related to the
coalescence or decoalescence of relatively large surface do-
mains.

In the third simulation carried out at 256 K the nanorod
exhibited a particular structural evolution. During the first 4
ns the dynamics of atomic species did not show significant
differences with respect to previous cases. However, already
at 5 ns a particularly high concentration of Ag atoms was
observed at one of the nanorod vertices. The detailed analy-
ses performed successively pointed out that the motion of
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FIG. 11. (Color online) The atomic configuration of the nanorod
in the neighborhood of the Ag-rich vertex after about 14 ns from the
beginning of the simulation at 256 K. The light and dark gray
circles indicate Ag and Cu atoms, respectively. The nanorod edges
are also marked together with the approximate boundaries of the
Ag-rich vertex.

edge and surface atoms locally produced a significant devia-
tion from the equiatomic Ags,Cusq stoichiometry. Actually, a
slight deviation from such stoichiometry was already present
at the beginning of the simulations. The ratio of Ag to Cu
atoms was indeed equal to about 55 to 45. This is true also
for the other cases already discussed, because of the same
starting atomic configuration used. In the first two cases,
however, such difference was progressively smoothed and it
finally disappeared as a result of the atom displacement pro-
cesses. In this case, instead, the dynamics of atomic species
determined an amplification of the initial stoichiometry fluc-
tuation and the formation of a surface domain of almost pure
Ag at the vertex. This had a drastic effect on the dynamics of
edge and surface species. Probably due to the favorable driv-
ing force to chemical demixing, Ag species exploring the
surface gradually reached the Ag-rich vertex region and fur-
ther enriched this and the neighboring regions. Starting from
the vertex, the Ag-rich phase grew asymmetrically with re-
spect to the nanorod axis and involved increasing portions of
the system. An atomic configuration illustrating this situation
is shown in Fig. 11. In this case, therefore, the dynamics of
atomic species located at edges and surfaces promoted the
separation of Ag- and Cu-rich phases already at relatively
low temperatures. This proves that a spontaneous fluctuation
of the relative concentration of atoms can promote an unex-
pected chemical evolution.

No significant difference between the dynamics occurred
in simulations under gradual heating conditions and at 278 K
was observed. The Ag surface domains gradually coalesced
together and a single Ag-rich phase covered the Cu-rich bulk
region of the nanorod. The 20-ns-long simulations showed
that the atomic mobility at 278 K is high enough to allow the
occurrence of the phase separation process mediated by co-
operative atomic rearrangements. Of course, the higher the
temperature, the higher the rate of such a process. However,
even at 278 K a result analogous to the one obtained under
gradual heating conditions can be attained on sufficiently
long simulation times. The CSRO parameter () value at-
tained at the end of the 20-ns-long simulations amounted
indeed to about —0.70.
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FIG. 12. (Color online) A schematic representation of a concen-
tration gradient along the nanowire axis. The boundary and virtual
planes perpendicular to the wire axis are also shown. The boundary
planes identify the 1-nm-wide zone containing the concentration
gradient. The case refers to a central domain with AggoCu,,
composition.

The dynamics of the nanorod containing a selected num-
ber of vacancies randomly distributed over the whole system
volume is also very similar to the one already discussed. The
presence of vacancies enhances the rate of atomic exchange
processes in the bulklike region. It favors indeed the occur-
rence of conventional thermally-activated diffusion events.
However, the impact of vacancies on the system dynamics is
quite limited as a consequence of their gradual disappear-
ance. From a total number of 100 vacancies introduced in the
system at the beginning of the simulation, about 50 disappear
within the first 6 ns as they attain the system surface. Twenty
more disappear analogously within the successive 3 ns. It
thus appears that vacancies annihilate at the surface after a
fast diffusion within the bulklike nanorod interior. Their con-
tribution to the atomic mobility is therefore negligible, at
least within the explored time scale.

V. NANOWIRES WITH CONCENTRATION GRADIENTS

The occurrence of a phase separation process already at
temperatures as low as 256 K, which are due to a local fluc-
tuation in the relative content of Ag and Cu atoms, poses an
intriguing question about the effects of concentration gradi-
ents on the stability of NSs. Such a question is investigated
here in the case of the nanowire system. Indeed, the nano-
wire length allows the generation of suitable smooth concen-
tration gradients.

The gradients were created at regular distances along the
nanowire axis as shown in Fig. 1. The relaxed nanowire was
ideally divided into eight roughly cubic portions by seven
virtual planes perpendicular to the wire axis, which coincides
with the z Cartesian direction. Two identical regions 0.5 nm
wide were then defined on one side and the other of the
virtual planes as shown in Fig. 12. The two regions form a
I-nm-wide zone that was divided again by virtual planes
perpendicular to the wire axis into five domains. The number
of Ag and Cu atoms within each domain was artificially
modified by randomly selecting the desired number of Ag
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and Cu atoms and transforming them into Cu and Ag species,
respectively. The composition of the central domain is the
richest in Ag or Cu atoms and the composition of the neigh-
boring ones is arranged in order to obtain the smoothest pos-
sible concentration gradient. If a given central domain is, for
example, Ag-rich, the central domains of adjacent zones will
be Cu-rich and vice versa, as shown in Fig. 1. An Ag-rich
region 1 nm wide is thus preceded and followed by Cu-rich
regions of the same width. The central Ag-rich domains
within each Ag-rich region were given the stoichiometries
AgyoCuzy, AggoCusyg, and AggyCuyg. The Cu-rich ones were
correspondingly given the stoichiometries Ag;,Cuy,
AgyoCugg, and Ag;oCugg. The gradient g was then defined as
the difference between the central domain composition and
the AgsoCus, one. The g values, expressed in terms of units
of molar fraction per unit of length, were equal to *0.4,
+0.6, and =0.8 nm~.

The concentration gradients along the nanowire axis
strongly influence the phase separation process. Not only is
the rate of system decomposition significantly enhanced, but
also the temperatures at which the phase separation occurs
are different from the ones observed in previous cases. Con-
centration gradients seem indeed to favor the occurrence of
collective atomic rearrangements in the bulklike regions of
the nanowire at lower temperatures. The result is that already
at about 270 K the Ags,Cus solid solution with gradients g
equal to about *0.4 nm~' has decomposed into Ag- and
Cu-rich phases with about AggsCus and AgsCugs composi-
tions. The arbitrarily chosen regular alternation of positive
and negative gradient g values along the nanowire axis pro-
duced a corresponding regular modulation of the crystalline
phases. A sketch of the nanowire after phase separation is
shown in Fig. 13 for the sake of illustration.

The stability of the nanowire depends on the concentra-
tion gradients g along its axis. This was highlighted by ana-
lyzing the evolution of the CSRO parameter () as a function
of the temperature. In this case, however, ) was evaluated
on a local basis in order to properly take into account the
existence of concentration gradients. In particular, the CSRO
parameter () was evaluated independently in each of the
eight portions in which the nanowire was subdivided. The
results are shown in Fig. 14. It can be seen that, although the
temperature range within which () changes depends on the
concentration gradient g, in all the cases () drops from about
—0.08 to —0.76. The degree of phase separation attained at
the end of the first stage of the phase separation process is
therefore larger than in the absence of concentration gradi-
ents. Each trend was characterized by identifying the tem-
perature at which the CSRO parameter () takes a value
roughly in the middle of the drop, i.e., approximately —0.42.
The eight temperature values obtained, one per nanowire
portion, were then averaged to obtain the temperatures T, at
which the phase separation process takes place. The average
Tsp values are presented in Fig. 15 as a function of the
concentration gradient g. It can be seen that the temperature
T, decreases as the gradient g increases. Demixing is thus
facilitated in the presence of concentration gradients and the
system instability with respect to phase decomposition in-
creases as the local deviation from the equiatomic composi-
tion increases.
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FIG. 13. A portion of the nanowire after phase separation. Data
refer to the nanowire with gradients g equal to about +0.4 nm™' at
the temperature of 272 K. The light and dark gray circles indicate,
respectively, Ag and Cu atoms.

The process of phase separation at temperatures as low as
the observed T, ones is mostly governed by the mobility of
surface species. However, significant collective atomic rear-
rangements take place in the bulklike regions. The predomi-
nance of individual surface displacements has two effects on
the nanowire structure. The first one is directly evident from
Fig. 13. The nanowire loses in fact its initial regular shape as
a consequence of the disordered growth of the Ag- and Cu-
rich domains, which proceeds via the continuous addition of
atoms mostly from the surface. It is also worth noting that
the crystalline structure can locally lose homogeneity. The
formation of low-angle grain boundaries separating coherent
fcc domains consequent to the individual atom displacement
process is also expected. Their explicit identification is how-
ever complicated by the relatively disordered arrangement of
the atomic species during the course of and after the decom-
position process. Such identification has been possible in a
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FIG. 14. (Color online) The CSRO parameter () of the nano-
wires with the concentration gradients g equal to 0 (1), 0.4 (O),
+0.6 (A), and 0.8 (V)nm™! as a function of the temperature 7.
The inset shows the temperature T, at which the phase separation
occurs as a function of the concentration gradient g.

single case, with the grain boundary corresponding to a sym-
metric tilt (110) boundary. No evidence has been however
obtained regarding the stability of such structure on rela-
tively long simulation times. It is therefore possible that it
could disappear as a consequence of the atomic displace-
ments tending to lower the total energy of the nanowire sys-
tem.

According to the configuration shown in Fig. 13, the
nanowire structure seems to have been “eroded” by chemical
etching processes. This is due to the relatively low tempera-
tures at which the atomic displacements take place. Even
though no specific calculation was performed, it is expected
that the mechanical stability of the nanowire could be se-
verely compromised.

The second effect of the predominance of surface atom
displacements is that no definite surface segregation of Ag

Ag,,Cus,

Ag,Cuy,

Ag,Cu,,

___________ Agy,Cuy,
Ags']CUSO

FIG. 15. (Color online) A schematic representation of the con-
centration gradient with a semicircular profile. The region involved
in the gradient is about 1 nm wide along the nanowire axis. The
vertical solid lines represent the edges of the nanowire. The hori-
zontal dashed line represents the plane cutting the wire into two
halves. The semicircular regions have the compositions reported on
the side of the nanowire. The composition is elsewhere equal to
AgsoCus.
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FIG. 16. A portion of the nanowire system with concentration
gradient g equal to about +0.4 nm™' characterized by a semicircu-
lar profile. The configurations refer to the quoted temperatures. The
light and dark gray circles indicate, respectively, Ag and Cu atoms.

atoms is observed. Ag species do not tend to preferentially
occupy the surface layers of the nanowire. Rather, the nano-
wire lowers its potential energy by promoting the decompo-
sition of the metastable Ags,Cus, alloy, thus forming sepa-
rate Ag- and Cu-rich domains.

Aimed at further investigating the stability of nanowire
systems in the presence of concentration gradients, addi-
tional simulations were carried out on a nanowire with a
single concentration gradient located in the middle of its
axis. In this case, however, the concentration gradient was no
longer imposed perpendicular to the wire axis. As schemati-
cally shown in Fig. 16, the concentration gradient was gen-
erated with a semicircular profile. The concentration gradient
g was set equal to about +0.4 nm~'. The region involved by
the concentration gradient is then Ag-rich.

The mechanism underlying the atomic mobility is similar
to the one discussed in the previous case of concentration
gradients perpendicular to the wire axis. The temperature
range within which phase separation occurs is also similar.
The structural response of the nanowire to the phase separa-
tion process is however remarkably different. In a sense, it
can be regarded as an amplification of the disordering and
“erosion” phenomena discussed above and illustrated by Fig.
13. It appears that individual and collective atomic displace-
ments progressively induce a bending of the whole structure
exactly in correspondence with the concentration gradient
along the axis. The Ag atoms in the neighborhood of the
region affected by the concentration gradient move toward it.
This determines a disordered enrichment in Ag of such a
region. The loss of Ag atoms undergone by the neighboring
regions is not immediately contrasted by the diffusion of Cu
species as a consequence of the low temperatures, so that a
net flow of atoms takes place. The nanowire therefore under-
goes first a distortion and then a bending. These are probably
due to the disordered migration of atomic species, the con-
sequent formation of adjacent coherent domains separated by
low-angle grain boundaries and the attempt of lowering the
system energy by eliminating such boundaries by a rotation
of coherent domains. Further analyses are, however, needed
to properly investigate this point and support the results of
the present preliminary phenomenological study.
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VI. CONCLUSIONS

The present work provides a detailed account of the ther-
mal responses of nanometer-sized rods and wires consisting
of a metastable Ags,Cus, crystalline solid solution. Due to
the positive enthalpy of mixing between Ag and Cu, the sys-
tems undergo a phase separation process. In the case of ho-
mogeneous composition, such a process takes place roughly
in two stages. In the first one, atomic mobility is essentially
due to individual displacements of edge and surface atoms.
Under such circumstances, demixing proceeds by forming
Ag- and Cu-rich domains at the plane surfaces of the rod and
wire systems. During this stage, at least within the time
scales explored, the number of Ag- and Cu-rich surface do-
mains seems to be in dynamic equilibrium. The equilibrium
is, however, broken at temperatures above 260 K in favor of
Ag-rich domains. This marks the transition from the first to
the second stage of phase separation, when extended surface
segregation phenomena determine the formation of struc-
tures with the Ag-rich phase entirely covering the surfaces.
Atomic mobility is here governed by cooperative rearrange-
ments, which are responsible for the diffusion of Ag atoms
from bulklike to surface regions. Despite the deep reorgani-
zation of the chemical order, all the systems keep their initial
regular shape. This no longer occurs when nanowires with
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concentration gradients are considered. In these cases the
phase separation process proceeds at lower temperatures,
promoting the formation of separate Ag- and Cu-rich do-
mains. In addition, the migration of surface species produces
a considerable distortion of the initial shape and, in the case
of concentration gradients parallel to the wire axis, also a
bending of the structure.

The numerical findings collected in the present work
therefore show that the stability of nanorods and nanowires
formed by metastable phases is intimately connected with
the chemical order. Far from being conclusive, the results
obtained define for the systems investigated a relatively com-
plex conceptual framework. Only approximate mechanistic
inferences have been obtained from the present simulations,
whereas a more systematic and deeper investigation is
needed to shed light on the fine details of the atomic-scale
processes underlying the phase separation.
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