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Are surfaces elastically softer or stiffer?
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This letter addresses the issue of surface softening versus stiffening during elastic deformation.
Using a combination of molecular statics aaglinitio calculations, we show that a solid surface can

be either softer or stiffer elastically than the corresponding bulk. Whether a particular surface is
softer or stiffer depends on the competition between atomic coordination and electron redistribution
(which sometimes is referred as bond saturation the surface. Taking Cu as an example, we
demonstrate that the Young's modulus ald@0 direction on{100 surface is larger than its bulk
counterpart; meanwhile, it is smaller alo{f00 direction on{100 surface. ©2004 American
Institute of Physics.[DOI: 10.1063/1.1682698

Elastic constants near surfaces are different from theitively. The Lennard-Jones parameters in its 6-12 form are fit
values in the bulk of solids. Usually, this difference is unes-to the cohesive energy and lattice constant of Cu, and they
sential for solids of macroscopic dimensions. In nanostrucare e =0.2399 eV, c=0.2363 nm. A sinusoidal function is
tures, on the other hand, surface to volume ratio is large anthultiplied® to the Lennard-Jones potential form so the cutoff
this difference is pivotally important. Accompanying the distance is between the third and the fourth nearest neighbors
emergence of nanotechnology, research effort has been for Cu (that is 0.477 nmh The EAM potential for Cu is de-
cused on nanotubes. Understandably, much less effort hagloped by Mishiret al.° and is transferable for a variety of
been on nanoplates and nanobe&ansianorod because of  structures including surfacéSA typical simulation cell of
the difficulty in fabricating these structuréddowever, it is  nanoplates is shown in Fig(d. Periodic boundary condi-
eventually unavoidable that nanoplates and nanobeams willons are applied along the two horizontdll0) directions.
be present in various nanotechnologies. Mechanics, botBeveral atomic layers are removed along the verttan
statics and dynamics, in nanoplates and nanobeams can bigection to create a vacuum region so that the top and the
different from that in their macro-counterparts. Some experibottom of the simulation cell represent two flat free surfaces.
ments show that surfaces are softerile others stiffef I For a given vertical thickness, the simulation cell is fully
contrast to the experimental investigations, simulations base@laxed to the local energy minimum. Along the two horizon-
on pair potentials consistently show that surfaces of plategl directions, we apply normal strains in the rangé¢-e1%,
are softer. Using harmonic potentials, Sun and Zhang cont%|. This strain range is meshed into>2Q0 points. At each
clude that the Young’s modulus of nanoplates is only two-meshing point, all atoms are allowed to relax to the mini-
thirds of the corresponding bulk valdendicating that the mum energy corresponding to the horizontal strains; this is
surface is softer. In a similar study based on Lennard-Jonefacilitated by the two free surfaces. For each strain abong
potential, Van Workum and Pallarrive at the same conclu- direction, there is an energy minimum corresponding to a
sion. In an attempt to represent surface elastic properties iparticular strain along direction. The energy minimum as a
the continuum mechanics framework, Miller and Sheﬁnoy function of strain along is shown in Fig. 1b). The corre-
show that effective elastic constants of a nanoplate approxsponding energy—strain relationsttige,) gives the Young’s
mately vary with the inverse of its thickness. They use atomodulus according toY = (1/Q)[d?E(e,)/de2]. There is
mistic simulations to confirm this dependence and to deterlittle ambiguity about second-order derivative of the energy
mine the proportionality constant. The simulation resultswith respect to strairz, at equilibrium position. However,
indicate the possibilities of both surface softening and stiff-the definition of nanoplate volum@ deserves elaboration.
ening. But they give no account to the issue of when a surAs shown in Fig. 1a), Q=L,L,L,. The dimensions, and
face may be elastically softer or stiffer. Another issue may be._, refer to the horizontal dimensions of the simulation cell
even more important—what is the physical reason for thainder no strain. Because of the free surfaces, a convention is
softening and the stiffening? necessary to define,.*2 We follow the convention that two

In this letter, we address these two issues by using aeighboring layers equally share the space in between, and
combination of molecular statics arab initio calculations. that the outmost layer has equal spacing from below and
In the molecular statics calculations, we use Lennard-Jonesrom above. The variation of layer spacing is only 4% of the
and embedded atom meth¢BAM) potential§ to describe  bulk value. In contrast, the results of elastic constants are
the atomic interactions in the prototype materials, Cu. Thesgased on variations of several tens of percent, and the con-
potentials represent pair and many-body interactions, respectusions are therefore independent of the convention. Based
on this convention, the Young’'s modulus can be calculated.

aAuthor to whom correspondence should be addressed; electronic mail-Urther, the Poisson’s ratic_’s a|0'5_7935 well asz di_re(_?tions
hanchen@rpi.edu are calculated and shown in the inset of Figh)1lt is inter-
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FIG. 3. Distribution of average electron density near the two surface layers
in a 12-layer simulation cell.

when many-body interactions are also included as in the
EAM potential, the Young’'s modulus increases as the nano-
plate becomes thinner; or the surface is stiffer. This stiff phe-
nomenon is in contrast to previous reports of nanoplates, and
might appear counterintuitive as well. It is somewhat too
simplistic to negate the calculations using pair potentials be-
cause of the simple form of the potential function. Rather, it
is desirable to confirm this stiffening phenomenon and to
understand why it happens.
The ab initio calculations provide an ideal tool for
. . . deeper insights. Using a similar setup of simulation cell
-1.0 0.5 0.0 0.5 1.0 while keeping the dimensions alomgandy directions to be
g (%) one lattice period, we calculate the Young’s modulus for
(b) three different thicknesses of the plate: 2 layers, 12 layers,
and infinite number of layers—that is bulk crystal. The cal-
FIG. 1. (a) Schematic of simulation cell, an@) the energy-strain curve culations are based on the density functional theory, with the
E(sx)_ bas_ed on the EAM potential;_the inset _shows strains along the othepardew—Burke—Ernzerhof generalized gradient
two directions, corresponding to Poisson’s ratios-df.11 alongy and 0.78 . . 13 . :
alongz. approxmgtloﬁ_ for the. exchange—correlatlon potential. The
electron—ion interaction is represented by an ultrasoft

tina that th dv di . hrink and d simul pseudopotentidl* Monkhorst—Packk-points samplindp is
esting that tne& andy dimensions shrink and expand simul- adopted for integrating over the Brillouin zones. The kinetic

taneously, corresponding toa negativg Po'isson’s ratio; this Icﬁ‘;nergy cutoff is 40 Ry in the wave function expansion using
a re_f_lﬁlt of Ilargljet r(ejlegatlon, along tlrzedlrectlofn. i ¢ olat the plane wave basis set. Test calculations give the equilib-
€ calcuiated Youngs modulus as a function ot platey,, , attice constant of Cu aa=0.367 nm, in agreement

i \ Svith 0.362 nm from experimertf. The cohesive energy is
taken into account, the Young's modulus decreases as t 8und to be 3.49 eV also in agreement with 3.54 eV from

pl.‘;t]e becomes tth'g.ner; or the SLfrfac? |st%9ét(|ar, n atgre(tame@(perimeml.7 For supercells of 2-layer, 12-layer, and bulk,
with previous studies using pair potentiais.In_contrast, o | space is meshed into ¥212xX2, 12x12X1, and 12
X 12X 8 points, respectively. Convergence for each case is

Strain Energy (eV)

1.7F ensured through numerical testing. The atoms and the geom-
16} etry of supercell are relaxed according to the Hellmann—
15Lo jE/}JM EOte“ﬁ,al Feynman forces and stressBsSimilar to the above-
otential . . . .
14l described molecular statics calculations, tlad initio
E calculations give an energy—strain relationshkife,); the
2! 3r second-order derivative in turn gives the Young’s modulus.
~o12p The ab initio results, as shown in Fig. 2, confirm that the
11F surface is stiffer. Further, the electron density distribution, in
1.0 Fig. 3, shows that electron density on the surface layer is
09} ".. o higher. This electron redistribution gives rise to stronger
0 5 10 15 20 25 30 35 40”_ bonding on the surface, and the surface stiffening effects.

Number of Layers To show whether the stiffening effects always dominate,

we repeat the calculations for loading alofip0) on {100
FIG. 2. Young’s modulus as a function of thickness of the nanoplate base

on EAM (solid line) and Lennard-Jondglash dot ling potentials. The three gurface a_nd glon@llO) on {11]} surface; these are close- .
circles represerdb initio results. The Young's modulus is normalized with Packed directions and close-packed surfaces. As shown in

respective to its bulk value. Fig. 4@, when many-body interactions are taken into ac-
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1.3 sume each atom interacts with its nearest neighbors only
through elastic springs. Based on this simplified picture, the
12r surface stiffness constant—defined as force over
111k displacement—alond110 is 90% of its bulk value, and
:;; a b & along (100 only 75%. The difference of the two softening
& OF =1 effects is a result of different number and deformation o
Z 1.0 E—— ——— ffect It of diff t b d def t f
s /_/_,.—-—"" springs in the two loading directions. When the electron re-
081 // —a— {001}/<100> distribution suffices to compensate for this reduction, the sur-
08l —e—{001}/<110> face behaves stiffer; otherwise, the surface behaves softer, as
/ —a—{111}/<110> shown in Fig. 4.
o7y In summary, using a combination of molecular statics
5 10 15 20 25 30 35 40 andab initio calculations, we conclude that a surface may be
Number of Layers softer or stiffer(or, equivalently a nanoplate can be softer or
(@) stiffer) than the corresponding bulk. The overall softening or
stiffening depends on the competition between electron re-
1.02 distribution and the lower coordination on surfaces. Both the
099k softening and stiffening effects will have major impacts on
’ /.;: ot P the mechanics of nanoplates.
0.96} =& - ) )
e The authors gratefully thank Suvranu De for stimulating
§ 0.93} discussions on elasticity analyses.
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