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ABSTRACT

On the basis of a series of molecular dynamics simulations of the compressive deformation of [111oriented gold nanopillars, we demonstrate
that slip nucleates at surface features for which the amplitude of thermal vibrations is a maximum. This leads to a yield stress which can be
either a linear or parabolic function of temperature, depending on the strength with which atoms are bound to the surface. Changing the
surface structure by removing weakly bound atoms produces a striking rise in yield strength and a change in its temperature dependence.

In recent years it has been established that the plastiction-starved conditions, continuing plastic deformation is only
deformation mechanisms of sub-micrometer metallic objects possible if the applied stress is sufficiently large to nucleate
are very different from those of bulk metals and alloys. new dislocations. Therefore, the process of dislocation
Mechanical testing of metallic nanowifesand micro- nucleation, either at nanomaterial surfaces or interiors, plays
machined cantilever microbeafnsevealed that the yield a fundamental role in determining nanomaterial strength
stress and strength of small objects increases with decreasingvithin the “Dislocation Starvation” regime.
geometric dimension. While in nanocrystalline metals,  The homogeneous tensile/compressive plastic deformation
processes at grain boundaries (nucleation of dislocations andyf metallic nanowires in the geometry similar to that
grain boundary sliding) play an important role in plasticity, employed in refs 5 and 6 has been a subject of a number of
in small single crystalline samples slip nucleates e_ither recent molecular dynamics (MD) computer simulation stud-
heterogeneously at free surfaces or homogeneously in thgegse These simulations confirmed that defect-free nanowires
crystal. The latter process plays an important role in the gypinit yield stresses in the gigapascal range. However, both
presence of high stress gradients, i.e., during nanoindentasyne |ocation of dislocation nucleation and the mechanisms
tion.* by which dislocations nucleate still remain the subjects of
Recently, Nix and co-worket§ developed an elegant  ontroversy. It was shown that a stacking fault (SF) traversing
microcompression method for homogeneous compression ofie \whole cross section of a nanovimnd a full atomic
sub-micrometer-scale metallic structures. They found that thestep at the side surface of a nanoWisggnificantly reduce
flow stress of single crystalline gold pillars homogeneously (e nanowire yield stress. This is not surprising, since it is
compressed along.00.increases significantly with decreas-  ynown that surface steps normal to the loading direction
ing pillar diameter, reaching 4 GPa for a 300 nm diameter ., ;se stress concentration in their vicinity and are preferential
pillar.® For comparison, the yield strength of bulk, annealed gjies for dislocation nucleatioi.Diao et al. observed that
gold 'SN_30 MPa at 2% straifi.To interpret ,th's str.ong size slip nucleates at the edges of the nanowires of rectangular
effect, Nix and co-workers proposed a "Dislocation Starva- ¢ sectiofi, while in the simulation of Hyde et al. of
t|9n” hypothesis. _They sgggest_ed that_ b.e'OV_V a_critical twinned circular nanowires with a bamboo microstructure
d!ameter, the traditional d'SIOC""t'O.n multiplication F”eCha' slip always nucleated at the triple junctions between the twin
nisms t_hat lead to work hardening stop operatmg and boundary and the nanowire surféc&ince neither sharp
dislocations freely traverse the sample. Under such dlsloca—edges running parallel to the loading direction nor the twin/
* Corresponding author. Email: erabkin@tx.technion.ac.il surface interse.‘c'[ions are eﬁ.eCtive stre§s cgncentratqrs, these
t Department of Materials Engineering, Technion-srael Institute of OPServations imply that slip nucleation in nanowires is

Technology. _ o _ essentially a surface phenomenon. Diao et al. noted that even
U fDep;artment of Mechanical & Aerospace Engineering, Princeton when nanowires are deformed in compression the atoms on
niversity. ] - !
8 Department of Physics, Yeshiva University. or near the surface are under latgasileatomic stress (even
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during yielding). This tensile stress is associated with the
surface stresses. Because of the presence of these large tens
stresses at the surface during compressive deformation, i
was argued that the actual dislocation nucleation occurs in
the interior of the nanowire, where the atomic stresses are
homogeneous and compressive (dislocations nucleated at th
tensile surface would be pushed back to the surface if they
entered the compressive bulk). If dislocations are nucleated
in the interior of the nanowire, a critical resolved shear stress
(CRSS) would apply.

In the present study, we clarify the factors that control
slip nucleation during compression of single crystalline gold
nanowires/nanopillars. We perform a series of atomistic
simulations of nanopillar compression with two embedded
atom method (EAM) potentials for gold:? The EAM
potential of Cai and Ye (CY} has been employed in earlier
studies of plastic deformation of gold asperitfasut yields
surface and SF energies of gold that are significantly smaller
than those found experimentally. The recently developed
potential of Grochola et al. (GRB)gives more realistic
surface and SF energies. A detailed comparison of the two
EAM potentials can be found in ref 14. In order to clarify
the nature of the dislocation nucleation mechanism, we Figure 1. Atomic structures of (a) as-carved and (b) atomically

emphasize the temperature dependence of the yield stresg0lished nanopillars. The atoms are colored according to their bond

our MD simulati f d with tant order parameter, such that copper, blue, and white atoms have fcc,
ur simulations were periormed with a constan hcp, and distorted local coordination (i.e., first nearest neighbor

number of atoms under isothermal conditions (using the symmetry that is not fcc, hep, bece, or icosahedral), respectively.
NoseHoover thermostal). The simulation time step was  The “atomically polished” cylinder was created by removing a total
fixed at 5 fs. The computational cell was constructed by Of 294 atoms ordered ifl 110strings (marked by red ovals in ())

carving a cylinder of a radiuR = 12a from a bulk face- from the “as-carved” cylinder. The atomic structure immediately

. . . following slip nucleation in configuration (a) is shown in (c).
centered cubic (fcc) crystal, wheass the lattice parameter  praying (d) shows the same thing for the atomically polished

(see Figure 1a). The initial value afwas chosen to be that  structure of (b). In (c) and (d), we do not show the atoms with fcc
of the bulk solid at the temperature where the simulation symmetry.

was performed. Periodic boundary conditions were imposed

along the cylinder axig, while the perimeter of the cylinder  —3.90 eV for the GRS and CY potentials, respectively). This
was free. The periodic length of each cylinder was three times definition excluded approximately the two outermost shells
its diameter (131 544 atoms). In what follows, these cylinders of atoms from the stress calculation. Previous studies have
will be referred to as “as-carved”. We focus on cylinders shown that the atomic stresses in the two external layers of
with the cylinder axis %) parallel to thefl110direction of ~ a nanowire are very different from those on internal atoms
the fcc crystal, since wépreviously showed that cylinders  due to the effects of surface strésEhe atomistic aspects
compressed alon@®01and 011 axis exhibit buckling and  of slip nucleation were followed by tracking thg bond
folding instabilities that interfere with slip nucleation. For order parametét for each atom. This parameter allows one
the simulations performed at 300, 400, and 500 K, the to distinguish between the local atomic symmetry of fcc,
cylinders were equilibrated for 500, 400, and 200 ps, body-centered cubic (bcc), and hexagonal close packed (hcp)
respectively, prior to the compression along #exis. For lattices. The SF left behind when the leading Shockley partial
simulations performed below 300 K, the sample was an- advances, as well as the SF ribbon between two Shockley
nealed at 300 K for 200 ps and cooled at a rate of 500 K/ns. partials, can be recognized by a double layer of atoms with
The initial length of each cylinder was scaled according to hcp coordination.

the temperature-dependent bulk lattice parameter. After The atomic configuration at the onset of slip nucleation
thermal equilibration, the cylinders were deformed in com- in the as-carved cylinder compressed2aK is shown in
pression by homogeneously rescaling #theoordinates of  Figure 1c. For the sake of clarity, all atoms with fcc
all atoms. The rescaling factor was chosen to maintain a coordination are not shown in this figure. The groups of
constant true strain rate of 1.35110°“ ps™*. Prior to each atoms with distorted coordination (white atoms) protruding
rescaling step, the atomic virial stress, averaged over all of toward the cylinder axis show the nucleation of dislocation
the atoms in the systerm, was calculated. In addition, we half-loops. The atoms with hcp coordination (blue atoms)
also calculated the atomic virial stress averaged over internalare precursors to SF nucleation. Figure 1c demonstrates
atoms,o™. Internal atoms are defined as those with potential clearly that slip nucleates in the vicinity of thin stripes of
energy less tharn3.8 eV in the as-carved, unrelaxed cylinder atoms, marked by red ovals in Figure la (consisting of
(the energies per atom in the perfect crystal-a82924 and several rows of atoms oriented along the cylinder ais]0),
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14 ; . is associated with the high absolute values of stress. These
12} |atomically polished ] elastic parts are almost identical for as-carved and atomically
10l polished cylinders. An abrupt drop of stress indicates the
S onset of slip nucleation. Examination of the microstructure
o 8r of the cylinders immediately after slip nucleation shows that
§ 61 a single nucleation event is rapidly followed by a further
% 4r dislocation nucleation at different locations on the surface.
2l It is this rapid succession of dislocation nucleation events
ol that causes the large stress drop observed in the st&am
2L , L . curve. The subsequent, smaller stress drops mark individual
0 5 10 15 20 slip nucleation events and slip propagation across the

Strain, % cylinder. At approximately 50 ps after initial yield, the
cylinder microstructure is characterized by a high density
Figure 2. The stressstrain curves for as-carved (black lines) and  of Shockley partials, some followed by trailing Shockley

atomically polished GRS nanopillars. The average atomic stress . . . .
(averaged overall atoms) is shown as a dashed line and the internapart'als' After~100 ps, the density of lone Shockley partials

stress (averaged over all atoms except those in the two outermosgiminiSh?‘S’_|eaVing mainly I.eading/trailing Shockley partial
atomic shells) is shown as solid lines. pairs. This is associated with the fact that for compressive

deformation of the cylinders along th&11direction, the

on otherwise flat terraces. The arrow in Figure 1c shows Schmid factor for a leading Shockley partial (0.16) is lower
the position of a slip trace associated with the nucleation than that for the trailing one (0.3%}* This implies that the
and motion of a Shockley partial into the cylinder. This trace '€ading Shockley partial is swiftly followed by a trailing one.
(location where the dislocation nucleates) is centered aroundAfter ~200 ps from the original slip nucleation event, the
the three[1110atomic rows thick stripe of atoms. For all ~density of the dislocations in the cylinder goes to zero (i.e.,
temperatures below 300 K examined, slip always nucleatedthe cylinders are perfect), albeit with a surface marred by
in the vicinity of the marked1110stripes. It should be slip steps and with some mono- and divacancies inside the
emphasized that these stripes are aligned along the loadingYlinders. Itis remarkable that all subsequent slip nucleation
axis and cannot serve as stress concentrators for the preser@vents in these cylinders with slip steps on the surface occur
uniaxial load. This is interesting because earlier studies at much lower stresses than the initial slip nucleation. This
showed that the yield stress in nanowires was reduced inadain suggests that dislocation nucleation occurs preferen-
the presence of stress concentrators associated with thdially (and at lower stress) near nonuniformities in the surface
intersection of a SF with the surfacer full surface step8. structure.

To better understand the effect of the atomic structure of ~ Figure 2 clearly demonstrates that slip nucleation in the
the surface on slip nucleation, we also performed a full set atomically polished cylinder occurs at higher internal stresses
of MD simulations with smoother nanocylinders. We smoothed than in the as-carved one. Repeated MD simulation runs
or polished the nanopillar in Figure 1a by removing fh#10] showed that this difference in stresses is reproducible and is
stripes of surface atoms (Figure 1b) indicated by the red ovalscertainly above statistical fluctuations in the yield stress.
(see Figure 1a). The atomically polished cylinders contained Since the nonlinear elastic behavior is identical in the as-
131 250 atoms; i.e., only 294 atoms were removed. Despitecarved and atomically polished cases, the Schmid factors in
the small number of atoms removed during polishing, the both cylinders are identical at identical strains. This, in turn,
deformation behavior of the atomically polished cylinders means that slip in the atomically polished cylinder nucleates
was very different from that of their as-carved counterparts. at larger values of the resolved shear stress in the interior
For example, at 2 K slip nucleation in the as-carved and than in the as-carved one. This indicates that for slip
atomically polished cylinders occurred at the strains of 9.98% nucleation, the local atomic configuration at the surface is
and 10.62%, respectively. This suggests that atomic polishingmore important than the average value of the resolved shear
makes dislocation nucleation more difficult and increases the stress in the interior of the cylinder. This conclusion is in
yield stress. The atomic configuration of the atomically contrast to the suggestion in ref 8. Note that the change in
polished cylinder at the onset of plasticity is shown in Figure the surface structure that occurs upon atomic polishing does
1d. A comparison of this figure with that for the as-carved not lead to the formation or removal of stress concentrations.
cylinder (Figure 1c) indicates that removing the thiri 1] Therefore, the effect of surface structure modification on the
stripes changes the location of slip nucleation at the surface.yield stress is not associated with stress concentrators but

Figure 2 shows the internal stres&"f—strain relation for ~ rather some other aspect of the surface structure.
the as-carved and atomically polished GRS cylinders com- The idea that the resolved shear stress is the only factor
pressed at 2 K. The dependence of the atomic stress averagecontrolling slip nucleation is based upon the assumption that
for all of the atoms in the as-carved cylinder on strain is slip nucleates in the interior of cylinder at some distance
shown by the dashed line. For the sake of convenience, weform the surface, where the effects of surface stresses are
make the unconventional choice of the sign of the stress andnegligible. Our results, presented in Figure 2, clearly
strain; i.e. compressive stresses correspond to positiVee demonstrate that a minor change in surface structure, which
elastic parts of the stresstrain curves are nonlinear, which  has no effect on resolved shear stress in the interior,

Nano Lett., Vol. 7, No. 1, 2007 103



0 100 200 300 400 500
“‘-.L 1
10 i\-\,\‘\11{13-0.01445*T 1
5 i \
0_(a) ]
\.\l *
10+ 11.44-0.0166*T -
(D 5L R u
- n
[
b
0 (b) |
1ol '\-\_\ 13.01-0.3564*sqrt(T) |
5 _ -\"\_.\____ﬁ 1
(C}

7100 200 300 400 500
Temperature, K

0

Figure 3. The temperature dependence of the yield stress for (a)
the as-carved CY nanopillars, (b) the as-carved GRS nanopillars,
and (c) the atomically polished GRS nanopillars.

significantly retards slip nucleation. This is convincing proof
that slip nucleation is essentially a surface phenomenon.
The dependence of the atomic stress, averaged over al
atoms §) in the as-carved cylinder, on strain is shown in
Figure 2 by a dashed line. The initial value of stress at zero

strain is negative (tensile) because of the effect of surface

stress. This means that relaxing the periodic boundary
conditions along the cylinder axis would lead to spontaneous
contraction of the cylinde¥. This means that the surface
stress simply shifts the stresstrain curve uniformly down-
ward. In what follows, we designate that maximum stress
on the stressa)—strain curve (i.e., before the first stress
drop) as the yield stress,.

Figure 3 shows the dependenciespbn temperaturer,
for the as-carved CY and GRS cylinders and for the
atomically polished GRS cylinders. In the case of the CY

To understand the effect of the interatomic potential and
atomic polishing on the temperature dependenceypthe
atomistic mechanisms of slip nucleation should be considered
in detail. It is tempting to describe slip nucleation in terms
of classical nucleation theory, with the critical nucleus being
a leading Shockley partial half-loop originating at the
surface® The positive contributions to the energy of this
nucleus are provided by the Shockley partial core energy,
its elastic energy, the energy of the SF left behind, and the
energy of the corresponding surface step, while the driving
force for nucleation is the mechanical work performed by
the external force compressing the cylinder. A detailed
guantitative analysis of this energy balance for nucleation
(presented elsewhéf® showed that the contribution from
the Shockley partial core dominates all other positive
contributions to the nucleus energy. This means that surface
morphology should have little effect on the energy barrier
for slip nucleation. This is in contradiction with the results
of the present work and with the results of other stuéifes.
Most probably, the critical condition for nucleation involves
a collective displacement of a group of near-surface atoms
that cannot be described in terms of a well-defined disloca-
tion. In our earlier work* we suggested a phenomenological
model in which the nucleation of the first Shockley partial
at the surface of a nanopillar occurs at a critical strain at the
surface, ¢;, which includes contributions from thermal
vibrations,emerm and elastic loading. This model was inspired
by the Lindemann criterion for melting, which states that
|the ordered crystal melts at the temperature at which the
average amplitude of atomic thermal vibrations exceeds 0.15
of a lattice spacing’ Assuming that the elastic (albeit
nonlinear) initial part of the stresstrain curve is a
monotonically increasing function of strain, = f(e), we
arrive at the following expression far,

g,

y f(ec - Ethern‘) 1)

The temperature dependenceogpfcan be attributed both
to the temperature dependence of the function= f(e)
(which in the linear elastic limit corresponds to the temper-
ature dependence of the Young modulus) and to the
temperature dependenceefm Analysis of the simulated

potential (Figure 3a), the dependence is linear over the entirestress-strain curves shows that the relative variations of the

range of temperatures examined-&0 K). In the case of
the as-carved GRS cylindeny is a linear function of
temperature in the-2300 K range (the values of; at higher
temperatures deviate upward from the extrapolation of the
straight line fitted to the low-temperature data). For the
atomically polished cylindergy varies with temperature in

a parabolic mannerg, = A — BT, where A and B are
constants. On comparison of parts b and c of Figure 3, it is
clear that atomic polishing, which removes on#.2% of

function o = f(¢) with temperature (between 2 and 500 K)
do not exceed 11% for the GRS potential and 33% for the
CY potential. This is much less than the temperature
variations ofoy (see Figure 3), and therefore, it can be
concluded that it is the temperature dependeneg&f that
dominates the variation @f, with temperature. The thermal
strain emerm can be represented @snerfa(T), Where Atnerm
and a are the absolute average amplitude of the thermal
vibrations of the atoms (standard deviation of the positions)

the cylinder atoms, has a profound effect on the temperatureand the lattice parameter, respectively. The relative variation

dependence oby. It should be also noted that at low

of the latter, in the temperature range of300 K, does not

temperatures, the yield stress associated with the atomicallyexceed 1% and can safely be neglected. In order to determine

polished cylinder is larger than that for the as-carved one
by more than 10% (in cylinders described by the same EAM
potential).

104

the average vibration amplitude of surface (bulk) atoms, we
measured the mean positions and standard deviations from
these positions for 459 surface (294 bulk) atoms over 100
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0 100 200 300 400 500 differences between the temperature dependencegsanfd

T T T U Awerm at low temperatures (below 50 and 100 K for the CY
] and GRS potentials, respectively) may be related to the
efficacy of the thermostat in dissipating the energy associated
with the discrete compression steps that occur during the
MD simulations.

A careful inspection of the atomic structure of the
as-carved GRS cylinders shows that at 400 and 500 K
sufficient surface diffusion occurs to disrupt the long-range
order of the[111stripes of surface atoms. This is why, at
these temperatures, slip can nucleate at locations other than
stripe edges. Since nucleation at other locations may be more
difficult, o, tends to deviate upward from the linear
extrapolation ofo,(T) from lower temperatures. The atoms
in the most isolated stripes (i.e., thin stripes on large flat
terraces) on the surfaces of the as-carved cylinders are
particularly weakly bound to the surface. As a result, these
atoms exhibit the largest values Afherm The removal of
' . . . . . these atoms in the atomic polishing process leads to surfaces
0 100 200 300 400 500 for which the maximaApemis smaller than that on the as-

carved surfaces. In fact, the atoms that survive the atomic
Temperature, K polishing process have values Afierm that are very close
to the smallest values on the entire surface (see Figure 4b).

ptherm :

o
(N
T

0.1

0.0

Figure 4. The thermal vibration amplitude vs temperature for the &\af
as-carved nanopillars. (a) Results for the CY nanopillars, where The temperature dependenc mfor these surface atoms

«, 00, and+ correspond to the maximum, average, and minimum is parabolic over the entire range of tgmperatures examined.
values of the vibration amplitude of surface atoms antb the This correlates well with the parabolic temperature depen-
vibration amplitude of bulk atoms. (b) Results for the GRS dence ofoy for the atomically polished cylinders. This
nanopillars, wherek corresponds to the vibration amplitudes of correlation between the temperature dependencieg afid
atoms in thel11atomic stripes and the other symbols are as per Awerm SUPPOTts our hypothesis that it is a critical value of

@: the net atomic strain at the surface, rather than the CRSS in

ps. The temperature dependencégk. for the surface and the nanopillar interior, that should be achieved for slip
bulk atoms is shown in Figure 4. For the GRS potential case, nucleation.
we focus on the atoms within the surface stripes (see Figure The parabolic temperature dependenceAgtm is con-
1a), near where dislocations nucleate. For the CY cylinders, Sistent with a simple harmonic model for thermal vibrations
dislocations nucleate at random locations, so we focus on©f atoms in solids. In this model, atoms vibrate around their
the maximum values of the vibration amplitude. Figure 4a €quilibrium positions in the parabolic potential wells,
demonstrates that the maximal average vibration amplitudeindependent of one another. This iMmplidgem O T2 If
of selected surface atoms is a linear function of temperaturethe same model is also valid for surface atoms, the temper-
in the 50-500 K range. At the same time, the temperature ature dependence ddinemshould follow the same parabolic
dependence of vibration amplitude of the bulk atoms exhibits law, albeit with a larger coefficient of proportionality. In the
a parabolic dependence on temperatiTé?, whereA is a literature, this effect is often discussed in terms of a lowering
constant. For the as-carved GRS cylinders, the vibrational Of the Debye temperature for surface atothihe behavior
amplitude for the atoms within th&l110stripes varies  ©Of the majority of the surface atoms in the GRS cylinders
linearly with temperature in the 1600 K range. Interest- ~ ¢an be understood in this way. Weakening of the bonds
ingly, the vibration amplitude of the surface atoms that Petween surface atoms and the underlying solid would
vibrate the least shows a parabolic temperature dependence?roduce larger vibration amplitudes, and therefore the role
ATY2. of anharmonicity in these vibrations will increa$e? This
Since the temperature dependence of f() (see eq 1) anharmonicity can lead to a stronger temperature dependence,
is significantly weaker than that @em (and, consequently, i.e., Atherm ~ T" Wheren > 1/,. This is the case for most the
€tmern), the temperature dependencespishould mirror that surface atoms in the CY cylinders and for the atoms in the
of Amerm Examination of Figures 3 and 4 supports this [11100stripes in the GRS cylinders. For these atoms, the
assertion. The linear decreaseogfwith increasing temper- ~ binding to the surface is low and the temperature dependence
ature for the as-carved CY cylinders correlates well with the Of Anemis nearly linear.

linear increase of the maximal value &f.emwith increasing The connection between the temperature dependences of
temperature. Similarly, the linear decrease @f with the yield stress and the atomic vibration amplitude (on
increasing temperature for the as-carved GRS cylinders (2 average), together with the recognition of the effect of
300 K), correlates well with the linear increase &fem anharmonicity on the latter, helps us understand the effect

(calculated for the[111stripes of surface atoms). The of surface morphology on the mechanical behavior of
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o

50 100 150 decreases the value af. In fact, the presence of the edges
' " ! ' " T in the square prism case leads to a drop in the yield stresses

10 cylinder by about a factor of 2 at 150 K.

In the present work, we employed the periodic boundary
g \ conditions along the-axis of the simulated cylinders and
O . prisms. If the cylinders were truncated at a finite length, the
o St square prism | tops and bottoms of the cylinders would have sharp edges

around their periphery, while the prisms would also have

(a) sharp corners. As we have shown in this study, the average
0~ - thermal vibration amplitude of atoms at sharp edges is higher
than on the flat surface. It is obvious that the bonds of these

02l | periphery atoms would have to the rest of the crystal would
< edge be weaker than the corresponding bonds of the edge atoms
"g or atoms on the flat facets. Therefore, replacing the periodic

QE boundary conditions along ttezaxis by terminating the rods
0.1r 1 would weaken both the cylinders and the prisms and shift

o
the locations of slip nucleation toward their free ends. Indeed,
(b) in the recent atomistic simulations of the surface stress driven
0.04 L : ' ' reorientation of gold nanowires, it was shown that surface-
0 50 100 150

stress-induced slip nucleation in free-standifi03nano-
Temperature, K wires occurred almost instantaneously at the nanowire@nds.

_ ) We return now to the effect of size on the compressive
Figure 5. The temperature dependence of the (a) yield stress andstrength of gold nanopillars. In the experimental work of

(b) average vibration amplitude for the cylindrical and square prism . 6 . .
GRS nanopillars. Squares and triangles in (b) denote the averagé\l'x and co-workers® the strength of the single crystalline

vibrations amplitudes for a surface atom at the center of a face of pillars increased monotonically with decreasing diameter, for
the square prism nanopillar and for an atom, chosen at random,diameters ranging from several micrometers to about 300

from those on the cylindrical nanopillar surface, respectively. nm. This was associated with the diminishing role of pre-
] ) . existing dislocation and of strain hardening (which stems
nanopillars more clearly. For example, slip nucleation at the from interactions between the dislocations) and the increasing
edges of a nanowire of square cross section observed inye of dislocation nucleation in deformation. Our atomistic
simulations of Diao et d.can be associated with the high computer simulations of as-carvéli11IGRS nanopillars
average vibration amplitude of atoms/decreased binding of iih diameters ranging from 2.5 to 10 nm revealed a strongly
the atoms on the edges of the nanowire. To illustrate this ,,n_monotonic dependenceafon diamete?? It was shown
point, we performed a series of MD simulations(@l13  ,a¢ the minima ofe, are associated with the thif110]

oriented cylindrical anq square prism GRS nanopillars of atomic stripes similar to those removed by atomic polishing
aspect ratio 1:3 (containing 9248 and 9724 atoms, reSPEC5n the present work. The presence and the width of such

tively). The a;s—ca}rvetd_ cyllndntcr?l nanfopllla_rl_g|d not exh|?||t stripes are determined by the discrete atomic nature of the
any nharrow atomic stripes on the surtace. these nanop arsnanopillars. This striking difference in the size effect on

were deformed in compression at the same deformation rate : .
. . . . . compressive strength of sub-micrometer and truly nanometer
used in the MD simulations described above (i.e., 1.351 P g y

: ) . illars underlines the importance of fine atomic scale surface
104 ps™1). The square prism nanopillars were equilibrated P P

. : features on the deformation of nanometer-sized objects or
at the same temperature at which the compression tests wer$
. . . eatures.
performed, in order to avoid the rounding of the edges by o )
surface diffusion (i.e., below 200 K). Figure 5a demonstrates " summary, we have shown that criterion for slip
that gy is a linear function of temperature 250 K) for nucleation in single-crystal nanopillars is very different than
the square prism nanopillar and parabolic for the cylindrical that for macroscopic metallic single crystals. For the bulk
nanopillar. Figure 5b shows thakpem for a randomly material, the CRSS must be surpassed in order for plastic
selected atom on the square prism edge is a linear functiondeformation to occur. In the case of nanopillars, slip
of temperature (25150 K), while Agem for an atom in the (Shockley partial) nucleation occurs when a critical atomic
center of a face of the prism is a parabolic function of strain at the surface is surpassed. The largest thermal strains
temperature (as it is for surface atoms on the cylinder prism). occur where surface atoms are most loosely bound to the
Comparison of parts a and b of Figure 5 shows that there is,underlying material, such as at edges or in isolated atomic
again, a close relationship between the yield stress and thestripes. Consequently, these special locations serve as slip
average thermal vibration amplitude: it is the latter that nucleation sites. The temperature dependence of the yield
determines the former. Another important conclusion that stress is determined by the temperature dependence of the
can be drawn from the comparison of the mechanical average vibration amplitude of these loosely bound atoms.
behaviors of cylindrical and square prism nanopillars is that We have demonstrated that removing the loosely bound
the presence of sharp edges on the surface significantlyatoms (atomic polishing) leads to an increase in the stress
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required for slip and a change in the temperature dependence (7) Savitskii, E. M.; Prince, AHandbook of Precious Metalsiemi-
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