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The atomistic origin of the atomic vacancy or nanocavity induced hardening in hollow nanotubes
and nanoporous structures has long been a puzzle. An analysis from the perspective of bond-order–
length-strength correlation mechanism �C. Q. Sun, Prog. Solid State Chem. 35, 1 �2007�� has led to
solutions that show that the shortened and strengthened bonds between the undercoordinated atoms
in the negatively curved surface skins dominate the observed nanocavity strengthening and thermal
instability of the porous structures. It is suggested that the broken bond derived local strain and
quantum trapping and the associated energy densification provide pinning centers for inhibiting
atomic dislocations and that the broken bond induced cohesive energy dropping dominate the
thermal instability. On the other hand, nanocavities also provide sites that initiate the structure
failure under plastic deformation. The agreement between predictions and the experimentally
observed size dependence of mechanical strength of some nanoporous materials and the well-known
phenomenon of hollow tube strengthening evidences for the proposed mechanism. © 2008
American Institute of Physics. �DOI: 10.1063/1.2907947�

I. INTRODUCTION

It is expected that atomic vacancies or nanometric cavi-
ties reduce the number of chemical bonds of atoms nearby
and, hence, the mechanical strength of the entire body of a
hollow or a foamed structure. However, the hardness of a
material with pores at the nanometer scale does not follow
this picture of coordination counting unless an excessive
amount of cavities1 is involved or the pores are too large.
The mechanical strength of metallic foams with micrometer-
sized pores follows exceedingly well the well-known scaling
laws of porosity induced strength weakening.2–6 It has long
been realized7,8 that atomic vacancies or point defects could
instead act as pinning centers that inhibit the motion of dis-
locations and, hence, enhance the mechanical strength of a
material with a certain amount of defects with a physical
origin that is yet unclear. Introduction of a limited amount of
atomic vacancies or nanocavities could also enhance the me-
chanical strength of porous specimens. For instance, the
hardness of FeAlN is proportional to the square root of the
concentration of nitrogen vacancies9 and the hardness of
WAlC monotonically increases up to a maximum at 35%
carbon vacancies.1 Fracture measurement and modeling
analysis indicated that a small number of atomic defects
could modulate the strength of WS2 nanotubes.10 More re-
cently, Wu and Dzenis11 investigated the size effect on the
elastic behavior of solid and hollow polymer nanofibers un-
der uniaxial tension and they found that the fiber radius has
an appreciable effect on the elastic response of polymer
nanofibers. The smaller the fiber diameter is, the stronger the
fibers will be.

Comparatively, a hollow nanofiber shows a greater stiff-
ening effect with increasing axial stretch than the solid fiber
of the same diameter, suggesting the significance of the
negatively curved interior fiber skin. Carbon nanotubes with
impurity-free atomic shells are ideal cases of cylindrical
nanocavities that are much stronger than the bulk materials
unless excessive defects are involved in the wall of the
single-walled tubes.12,13 For instance, introduction of vacan-
cies to unreconstructed single-walled nanotubes will de-
crease the tensile strength and critical strain of the nanotubes
by nearly a factor of 2.14 The excessive defects on the wall
act as centers that initiate mechanical failure. A theoretical
calculation15 of the tensile strength of nanotube mats and
fibers predicted that the stiffness and strength of the mats can
be increased by at least an order in magnitude through small
dose irradiation with energetic particles to break some bonds
and generate some new interlayer bonds of the nanotubes.16

The internal stress of an amorphous carbon film can also be
raised from 1 to 12 GPa by producing nanometric pores by
using noble gas �Ar, Kr, and Xe� bombardment during film
deposition.17–20 One nanometer-sized gas bubble production
by He implantation also enhances the hardness of Ni films
from 1.1 to 8.3 GPa and the yield stress from 0.15 to 2.9
GPa.21

Nanofoamed materials that can be envisioned as a three-
dimensional network of ultrahigh-strength nanowires or liga-
ments or spherical holes in the matrix are measured to be
stiffer at low temperatures and tougher at raised temperatures
compared to bulk crystals.22–26 Typically, the surface of an
open-celled Au foam of an �30% relative density is stronger
than the foam interior and the foams made of smaller liga-
ments are even stiffer compared to the bulk.27–30 The hard-
ness of an open-cell nanoporous Au has a value of some tena�Electronic mail: ecqsun@ntu.edu.sg.
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times higher than the hardness31 predicted by the scaling
laws2–6 for micrometer-sized porous structures. The com-
pacted nanocrystalline Au ligaments exhibit an average grain
size of �50 nm with hardness values ranging from 1.4 to
2.0 GPa, which are up to 4.5 times harder than the polycrys-
talline Au.32 An extrapolation33 of the yield strength in the
Hall–Petch relation �HPR� at submicron scales to the scaling
laws for foamed materials has yielded the strength of 15 nm
diameter ligaments to be 1.5 GPa, which is close to the the-
oretical strength of Au. Similarly, the strength of Al foams
can be increased by 60%–75% upon thermal treatment and
age hardening after foaming.34 The Al foam is found to be
twice as strong as pure Al, and the hardness decreases with
increasing temperature.35 However, the porous structure is
thermally less stable. The local melting temperatures show a
strong dependence on the void size.36

Despite these exciting prospects, a consistent under-
standing of the mechanical strength and the thermal instabil-
ity of voided structures at the nanoscale is highly desirable.37

Here, we show with analytical solutions that the shortened
and strengthened bonds between the undercoordinated atoms
in the negatively curved surface skins dominate the observed
nanocavity strengthening and thermal instability.

II. PRINCIPLE

A. Extended bond-order–length-strength correlation

Because the mechanical behavior of a surface is quite
different from that of the bulk interior,38–40 the effective elas-
tic constants of a nanofoam need to be considered in terms of
a three-phase structure, i.e., the bulk matrix, the voids, and
the interface skins between voids and matrix41 �see Fig. 1�.
The effects of pore size, bond nature, temperature, and, in

particular, the large portion of the undercoordinated atoms
play significant roles in the mechanical properties of porous
materials.

The bond-order–length-strength �BOLS� correlation
mechanism42,43 indicates that if one bond breaks, the neigh-
boring ones become shorter and stiffer. As such, a local strain
and a potential well of trapping are generated at sites sur-
rounding the broken bonds or at the surfaces of various cur-
vatures. Naturally, the undercoordinated atoms surrounding
atomic vacancies, point defects, nanocavities, and voids in
nanofoams exactly perform the same to the undercoordinated
atoms at the positively curved surfaces of nanostructures or
at a flat surface despite the slight difference in the coordina-
tion environment. The extent of mechanical enhancement or
thermal stability depression is determined by the portion of
such undercoordinated atoms. Therefore, we can extend the
BOLS correlation mechanism to the negatively curved sur-
faces of porous structures.

B. Analytical expressions

1. Surface-to-volume ratio

Considering a sphere of K radius with �n+1 /2� spherical
cavities of L radius, as illustrated in Fig. 1, lined along the
radius, the total number of voids is 4��n+1 /2�3 /3. K and L
are the dimensionless forms of size representing the number
of atoms lined along the radius of the sphere and the hollow
void, respectively. For a hollow sphere �n=0� with only one
void in the center, this expression needs a slight revise. We
can estimate the matrix volume V0 occupied by atoms, the
volume sum of the negatively curved skins of all the voids
and the outermost surface skin of the sphere, Vi, the porosity
p, and the mass density � f by using the following relations:

V0 =
4�

3
�K3 −

4�

3
�n +

1

2
�3

L3	 �occupied-volume� ,

Vi = 4��K2CiK +
4�

3
�n +

1

2
�3

L2CiL	 �skin-volume� ,

p =
Vi

V0
=

4�

3
�n +

1

2
�3

�L/K�3

= 1 − � f �porosity-density� ,

Ci = 2/
1 + exp��12 − zi�/�8zi��� �bond-contraction� ,

�1�

where CiL and the CiK represent the bond contraction coeffi-
cients for negatively curved surfaces of the L-sized voids and
the positively curved surface of a K-sized sphere, respec-

FIG. 1. Schematic illustration of the surface-to-volume ratio of a sphere
with 4��n+1 /2�3 /3 cavities and the three-phase structures, i.e., voids, skins,
and the matrix. Only atoms in the dark skins contribute to the property
change yet atoms in the core matrix remain as they are in the bulk.
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tively. The subscript i denotes the atom in the ith atomic
layer counted from the surface to the center of the solid.

For the curvature dependence of the effective atomic co-
ordination �CN�, an empirical relation could be derived from
Refs. 44 and 45 for metals and silicon by assuming the ef-
fective bulk value of 12,

z1 = 4�1 � 0.75/K�, z2 = z1 + 2, and zi�3 = 12. �2�

The �−� sign is for the positively curved surfaces and the
�+� sign for the negatively curved surfaces. The effective
bulk CN is different from the apparent CN such as in the
diamond structure of Si. The diamond structure is actually an
offset of two fcc lattice, so the effective bulk CN is 12 in-

stead of 4. For a flat surface, the apparent CN is 4 rather than
6. Considerable experimental evidence shows that the first
atomic layer contracts by around 10%–15%, which corre-
sponds to an effective CN of 4 �for further discussion, please
refer to Ref. 42�. Even at a liquid Sn surface, a 10% contrac-
tion of the spacing between the first and the second atomic
surface layers was detected by using the x-ray reflectivity
measurements.46 The accuracy of Eq. �4� may lead to a slight
deviation in estimation but not the nature of the
phenomenon.

The ratio between the volume sum of the skins and the
volume of the matrix can be expressed in a vector form,
ri�n ,L ,K�= ��iK�CiK� ,riL�CiL��,
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 . �3�

The parameters n, L, and K are constrained by the relation
2�L+1��n+1 /2��K−1 because a limited number of cavities
can be lined along the radius K. The term 2�L+1� represents
the diameter of the void including the one layer of surface
skin and K−1 represents the radius of the sphere without the
skin surface. This expression covers situations of a solid
sphere and a sphere with uniformly distributed cavities of the
same size. A similar form for the hollow sphere is also given
with a minor correction for the general expression. This ex-
pression can be extended to a solid rod, a hollow tube, and a
porous nanowire as well.

With the derived surface-to-volume ratio, ri�n ,L ,K�, and
the given expressions for the density of a certain quantity Q
at the specific ith atomic layer site,42 qi�zi ,di ,Ei�, one can
readily predict the size, cavity density, and temperature de-
pendence of a detectable quantity Q of a system by using the
given scaling relation

�Q�K�
Q�	�

= �
i�3

�i
�qi�K�
q�	�

. �4�

The sum is over the outermost two atomic layers from the
vacancy to the center of the matrix because the coordination
deficiency is negligible for i
3.

2. Thermal stability and elasticity

It is understood that the local melting point Tmi at a
specific atomic site is proportional to the atomic cohesive
energy, or the product of the atomic CN and the cohesive
energy per bond, Tmi�ziEi, and that the local elastic modulus
is proportional to the energy density, Yi�Ei /di

3.42 With the
given relations for Tmi and Yi, we can estimate the relative
changes in Tm and Y of a nanovoided specimen to those of
the bulk by using the local bond average method represented
with Eq. �4�,

�Tm�m,n,K,L�
Tm�m,0,	,0�

= �
i�3

�riK,riL��ziKbCiK
−m − 1

ziLbCiL
−m − 1

� ,
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�Y�T,m,n,K,L�
Y�0,m,0,	,0�

=
1

�1 + �T�3 �
i�3

�riK,riL��CiK
−�3+m��1 −

�
0

T


1�t�dt

ziKbCiK
−mEb�0�

� − 1

CiL
−�3+m��1 −

�
0

T


1�t�dt

ziLbCiL
−mEb�0�

� − 1
� , �5�

where m is the bond nature indicator and Eb�0� is the cohe-
sive energy per bond at 0 K. ziLb=ziL /zb and ziKb=ziK /zb with
zb=12 as the effective bulk standard of atomic CN. 
1�t� is
the specific heat per bond, which was assumed to follow the
Debye approximation. In reality, 
1�t� deviates from the
ideal Debye approximation by several percentages.42 The in-
tegration �0

T
1�t�dt is the internal energy of the specific bond,
or the thermal energy for bond vibration. The calculation
sums over the skin of the two atomic layers.

3. Inverse Hall–Petch relationship

Mechanical strengthening with grain refinement in the
size range of 100 nm or larger has traditionally been ratio-
nalized with the so-called T-independent HPR that can be
simplified in a dimensionless form normalized by the bulk
strength, ��	�, measured at the same temperature and under
the same conditions:

��Kj�/��	� = 1 + AK−0.5. �6�

The slope A is an adjustable parameter for experimental data
fitting, which represents both the intrinsic properties and the
extrinsic artifacts such as defects, the pileup of dislocations,
shapes of indentation tips, strain rates, load scales, and direc-
tions in the test.

As the crystal is refined from the micrometer regime into
the nanometer regime, the classical HPR process invariably
breaks down and the yield strength versus grain size relation-
ship markedly departs from that seen at larger grain sizes—
inverse HPR �IHPR� occurs. With further grain refinement,

the yield stress peaks in many cases at a mean grain size on
the order of 10 nm or so. A further decrease in grain size can
cause softening of the solid instead, and then the HPR slope
turns from positive to negative at a critical size, or the so-
called strongest grain size.47 The IHPR can be expressed as48

��K,T�
��	,T�

= �1 + A� exp�Tm�K�
T

	K−1/2�
���d�	�

d�K�	3�Tm�K� − T

Tm�	� 	� , �7�

where A� is a prefactor and Tm�K� represents the melting
point of the porous structure Tm�m ,n ,K ,L� and Tm�	� is for
the bulk. The reduced bond length is given as

d�K�/d = 1 + �
i�3

�riK,riL��CiK − 1

Cii − 1
� .

The two parts in Eq. �7� represent that the IHPR origi-
nates from two competitions. One is the extrinsic competi-

FIG. 2. �Color online� Prediction of the bond nature dependence of the
critical pore size below which the total energy stored in the atomic shells of
the hollow sphere is greater than the energy stored in an ideal bulk of the
same size. m is the bond nature indicator, which is optimized as 2.56 for
carbon �Ref. 12� and 4.88 for silicon �Ref. 42�.

FIG. 3. Relationship between �a� the number of cavities and the porosity
and �b� the relationship between the porosity and the surface-to-volume ratio
for different pore sizes �L� in a K=600 sized sphere.
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tion between activation �� exp�Tm�K� /T�� and prohibition
��A�K−1/2� of atomic dislocations and the other is the intrin-
sic competition between the temperature-dependent energy-
density-gain ���Tm�K�−T� /d3�K�� in the surface skin and the
residual cohesive energy ��Tm�K�� of the undercoordinated
surface atoms. The activation energy is proportional to the
atomic cohesion, which drops with solid size, whereas the
prohibition of atomic dislocation arises from dislocation ac-
cumulation and strain gradient work hardening, which in-
creases with the indentation depth. As the solid size is de-
creased, a transition from dominance of energy-density-gain
to dominance of residual cohesive energy occurs at the IHPR

strongest size because of the increased portion of undercoor-
dinated atoms. During the transition, contributions from both
processes are competitive.

III. RESULTS AND DISCUSSION

A. Energy storage in hollow structure: Critical size

Assuming a hollow sphere of K exterior radius with a
shell of C1L+C1K thick, or three contracted atomic layers, we
have the total energy stored in the shell skin at 0 K in com-
parison to that stored in an ideal solid sphere without surface
effect as

�Eshell

Esphere
=

C1L
−�m+3��

K−�C1L+C1K�

K−C1K

4�R2dR + C1K
−�m+3��

K−C1K

K

4�R2dR

�
0

L

4�R2dR

− 1 = C1L
−�m+3���1 − C1K/K�3 − �1 − �C1L + C1K�/K�3�

+ C1K
−�m+3��1 − �1 − C1K/K�3� − 1. �8�

Calculations were conducted based on the given Ci�zi� rela-
tion and the curvature dependent zi values in Eqs. �1� and �2�.
From the results shown in Fig. 2, we can find the critical size
below which the total energy stored in the shell of a hollow
sphere is greater than that stored in a solid sphere of the same
size. The estimation indicates that the critical size is bond
nature dependent. The critical radius for a hollow sphere are
estimated to be K=12, 16, and 20 for m=1 �metal�, 3 �car-
bon, 2.56�, and 5 �Si, 4.88�, respectively. Similarly, for hol-
low tubes, the corresponding critical K values are estimated
at 7, 10, and 14. For a single-walled hollow structure, the
integration crosses only the diameter of the wall atom. It is
emphasized that the elasticity of the shell is always higher
than that of the bulk interior because elasticity is propor-
tional to the energy density, Ci

−�m+3�. However, in plastic de-
formation, a hollow sphere could be tougher than a solid
bulk structure because of the long range effect in the inden-
tation deformation test. No dislocation accumulation oc-
curred in the direction of the surface normal of the walls. On
the other hand, the thermal stability of a hollow nanosphere
is always lower than that of a solid sphere because of the
high portion of the undercoordinated atoms.

B. Porosity dependence of elasticity and thermal
stability

Figure 3 shows the surface-to-volume ratio as a function
of porosity and the relative size of L /K. It can be seen that
the smaller the cavities are, the larger the values of the
surface-to-volume ratio are. Calculations of the Y and Tm

were conducted by using a fixed value of sphere radius K
=600 with different L and n values and a fixed m=1 for
metals.

Figure 4 shows that Tm drops when the porosity is in-
creased; at the same porosity, a specimen with a smaller pore
size is thermally less stable. Young’s modulus increases with
the porosity and Young’s modulus of a specimen with
smaller pores increases faster. The predicted trends of ther-
mal stability and strength agree well with the experimental

FIG. 4. Prediction of the porosity dependence of �a� Tm and �b� Y with
different pore sizes in a K=600 porous specimen.
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observations of the size-dependent mechanical properties of
nanoporous Au �Refs. 32 and 49� and the polymer hollow
fibers.11 It is important to note that there exists a limit of
porosity because of the constraint as discussed above.

C. Plastic deformation

In dealing with plastic deformation by using IHPR, we
may introduce an effective K� for the effective size and the
following relation to find the effective volume by excluding
the pore volume in the specimen:

4�

3
K�3 =

4�

3
�K3 − �n + 1/2�34�

3
L3	, x = K�−1/2. �9�

Figure 5�a� shows the predicted IHPR as a function of L
for 10�K�600 specimens. Compared to the situation of a
single nanoparticle, the strongest size is significantly reduced
for foams. Figure 5�b� compares the predicted room tempera-
ture IHPR �Ref. 12� to the measured strength of the liga-
ments in Au foams. HPR is the classical HPR showing linear
dependence of flow strength with the inverse square root of
particle size. IHPR 2 and IHPR 1 are the IHPR with and
without involving the intrinsic competition of energy density
and atomic cohesive energy, as discussed in Eq. �7�. The
scattered data for Au ligaments smaller than 5 nm deviate

from the predicted IHPR. One possibility is the surface
chemical passivation effect because of the higher chemical
reactivity of small particles. Chemical passivation alters the
nature of the surface bond that will enhance the strength of
the bonds. A combination of the present IHPR with the scal-
ing laws for foamed materials may describe the observed
trends at larger porosities.

According to the currently developed understanding, the
magnitude of Tm−T, or the ratio T /Tm, plays a key role in
determining the relative strength. The Tm of Al �933.5 K� is
lower than that of Au �1337 K�, which explains why the
relative strength of Al foam to Al bulk is lower than that of
Au.

D. Further evidence

The fact that the enhancement of the internal stress of
a-C films can be done by changing the sizes of nanopores
through the bombardment of noble gases �Ar, Kr, and Xe�
�Refs. 17 and 18� and that of Ni films by He-gas bubble
production21 could provide further evidence for the proposed
mechanism for nanocavity hardening. The voided amorphous
carbon films have a uniquely intrinsic stress ��12 GPa� that
is almost one order in magnitude higher than those found in
other amorphous materials, such as a-Si, a-Ge, or metals
��1 GPa�.50 By using extended near-edge x-ray-absorption
fine structure and x-ray photoelectron spectroscopy, Lacerda
et al.17 investigated the effect of the trapping of noble gases
in the a-C matrix on the internal stress of a-C films and the
energy states of the trapped gases. They found that the inter-
nal stress could be raised from 1 to 11 GPa by controlling the
sizes of the pores within which noble gases are trapped.
Meanwhile, they found an �1 eV lowering �smaller in mag-
nitude� of the core-level binding energy of the entrapped
gases associated with a 0.03–0.05 nm expansion of the
atomic distance of the trapped noble gases. The measured
core-level shift is of the same order as those measured for
noble gases implanted in Ge,51 Al,52 and Cu, Ag, and Au,53,54

and Xe implanted in Pd hosts.55 The interatomic separation
of Ar �Xe� increases from 0.24 �0.29� to 0.29 �0.32� nm when
the stress of the host a-C is increased from 1 to 11 GPa.56

Comparatively, an external hydrostatic pressure around
11 GPa could suppress the interplanar distance of microcrys-
talline graphite by �15%,57 gathering the core/valence elec-
trons of carbon atoms closer together. The resistivity of a-C
films decreases when the external hydrostatic pressure is
increased.58 These results are in agreement with the recent
work of Umemoto et al.,59 who proposed a dense, metallic,
and rigid form of graphitic carbon with similar characteris-
tics. The effect of hydrostatic pressure is very much the same
as the pore-induced internal stress using noble gas sputtering
and implanting.

The binding energy weakening and atomic distance ex-
pansion of the entrapped gases clearly indicate that the gas-
entrapped pores expand in size and the interfacial C–C bonds
contract because of the bond order loss of the interfacial C
atoms, which contribute to the extraordinary mechanical
strength of the entire a-C films. The pore-induced excessive
stress is expected to play the same role as the external hy-

FIG. 5. �Color online� Prediction of �a� the IHPR for nanoporous Au spheres
with radius varying from 10 to 600 with different numbers and sizes of the
pores and �b� comparison of the predicted IHPR of Au with the measured
data 1 �Ref. 28�, data 2 �Ref. 27�, data 3 �Ref. 31�, and data 4 �Ref. 33�. The
ligament size x�K−1/2� is derived from Au foams with the modified scaling
relation of Gibson and Ashby �Ref. 2�. The curve denoted HPR is the clas-
sical HPR and the curves denoted IHPR 2 and IHPR 1 are, respectively, the
inverse HPR with and without the intrinsic competition of cohesive energy
and energy density being involved, as discussed for the nanoparticles in the
context.
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drostatic pressure that cause densification, metallization, and
strengthening of the graphite by lattice compression.

The stiffness and strength enhancement of a nanotube
and fiber mats by irradiation with energetic particles15,16 also
provides further evidence for the BOLS mechanism. The
bombardment by energetic particles could break the existing
intrawall bonds and generate interwall bonds. The broken
bonds cause the local strain and trapping and the new inter-
wall bonding will enhance the layer interaction compared to
the initially weak interwall bonding. Both the broken bonds
and the newly generated bonds contribute to the strength of
the irradiated specimen.

Recent analysis11 suggests that the coupling of the sur-
face tension between the exterior and interior surfaces of the
hollow tube dominates the strength of polymer hollow fibers.
It has also been suggested that60 the presence of two unsat-
urated electronic bands near the Fermi level oppositely re-
sponding to shear stress enhances the hardness of the voided
systems. The mechanisms of surface tension coupling11 and
density variation60 are favored by the currently discussed
BOLS correlation mechanism, indicating that a given density
of states will shift to a lower energy because of the broken
bond depressed potential well of trapping.

IV. CONCLUSION

It is concluded that the undercoordinated atoms in the
negatively curved surfaces of atomic vacancies, point de-
fects, nanocavities, and syntactic foams are responsible for
the strain hardening and thermal stability depression of nega-
tively curved systems, being the same by nature to those in
positively curved systems, such as nanorods, nanograins, and
flat surfaces. Numerically, negatively curved systems differ
from zero- or the positively curved systems only by the frac-
tion of the undercoordinated atoms and the coordination en-
vironment that determines the extent of BOLS induced prop-
erty change. Therefore, all derivatives and conclusions for a
flat surface and a positively curved surface apply to nega-
tively curved ones without needing modification though
quantitative information can be both experimentally and
theoretically obtained. It is also concluded that the nanopores
play dual roles in mechanical strength. The smaller pores act
as pinning centers because of the strain and the trapping; the
larger pores provide sites for initiating structure failure under
indentation test.

Note added in proof. While proofing this article, we have
become aware of the findings of coordination dependence of
Au-Au bond contraction �61� that extends only to the outer-
most two atomic layers of the nanocrystals and the finding
that the Au-Au bond contraction depends less on the type of
substrate support �62�. Low-temperature scanning tunneling
microscopy/spectroscopy measurements and density func-
tional calculations �63� revealed that the occupied density-of-
states for Co nanoislands on Cu�111� surface exhibit a siz-
able downward energy shift associated with bond contraction
as the island size decreases, providing direct evidence for the
strain-induced edge trapping. These findings fall excitingly
within the currently discussed BOLS quantification and also

provide evidence for the accuracy and reliability of the
BOLS correlation.

ACKNOWLEDGMENTS

This project is supported by MOE �Grant No. RG14/06�,
Singapore and by the NSFC �Grant Nos. 10772157 and
10525211�.

1J. Yan, X. Ma, W. Zhao, H. Tang, C. Zhu, and S. Cai, ChemPhysChem 6,
2099 �2005�.

2L. J. Gibson and M. F. Ashby, Cellular Solids: Structure and Properties,
2nd ed. �Cambridge University Press, Cambridge, 1997�.

3H. H. Fu, D. J. Benson, and M. A. Meyers, Acta Mater. 49, 2567 �2001�.
4J. B. Wachtman, in Mechanical and Thermal Properties of Ceramics, ed-
ited by J. B. Wachtman �NBS, Washington, 1963�, p. 139.

5J. K. MacKenzie, Proc. Phys. Soc., London, Sect. B 63, 2 �1950�.
6R. W. Rice, J. Mater. Sci. 40, 983 �2005�.
7C. Kittel, Introduction to Solid State Physics, 6th ed. �Wiley, New York,
1986�.

8N. M. Pugno and R. S. Ruoff, Philos. Mag. 84, 2829 �2004�.
9Y. A. Chang, L. M. Pike, C. T. Liu, A. R. Bilbrey, and D. S. Stone,
Intermetallics 1, 107 �1993�.

10I. Kaplan-Ashiri, S. R. Cohen, K. Gartsman, V. Ivanovskaya, T. Heine, G.
Seifert, I. Wiesel, H. D. Wagner, and R. Tenne, Proc. Natl. Acad. Sci.
U.S.A. 103, 523 �2006�.

11X. F. Wu and Y. A. Dzenis, J. Appl. Phys. 102, 044306 �2007�.
12C. Q. Sun, H. L. Bai, B. K. Tay, S. Li, and E. Y. Jiang, J. Phys. Chem. B

107, 7544 �2003�.
13E. W. Wong, P. E. Sheehan, and C. M. Lieber, Science 277, 1971 �1997�.
14M. Sammalkorpi, A. Krasheninnikov, A. Kuronen, K. Nordlund, and K.

Kaski, Phys. Rev. B 70, 245416 �2004�.
15J. A. Astrom, A. V. Krasheninnikov, and K. Nordlund, Phys. Rev. Lett. 93,

215503 �2004�.
16A. Kis, G. Csányi, J.-P. Salvetat, T.-N. Lee, E. Couteau, A. J. Kulik, W.

Benoit, J. Brugger, and L. Forró, Nat. Mater. 3, 153 �2004�.
17R. G. Lacerda, M. C. Dos Santos, L. R. Tessler, P. Hammer, F. Alvarez,

and F. C. Marques, Phys. Rev. B 68, 054104 �2003�.
18C. H. P. Poa, R. G. Lacerda, D. C. Cox, S. R. P. Silva, and F. C. Marques,

Appl. Phys. Lett. 81, 853 �2002�.
19C. S. Shin, D. Gall, N. Hellgren, J. Patscheider, I. Petrov, and J. E. Greene,

J. Appl. Phys. 93, 6025 �2003�.
20V. K. Luk, M. J. Forrestal, and D. E. Amos, J. Appl. Mech. 58, 1 �1991�.
21J. A. Knapp, D. M. Follstaedt, and S. M. Myers, J. Appl. Phys. 103,

013518 �2008�.
22C. S. Dai, D. L. Wang, F. Ding, X. G. Hu, and Z. H. Jiang, Rare Metal

Mater Eng. 33, 1 �2004�.
23D. C. Dunand, Adv. Eng. Mater. 6, 369 �2004�.
24C. Körner and R. F. Singer, Adv. Eng. Mater. 2, 159 �2000�.
25K. M. Hurysk, MRS Symposia Proceedings No. 521 �Materials Research

Society, Pittsburgh, 1998�, p. 191.
26See http://en.wikipedia.org/wiki/Porosity for porosity in earth sciences and

construction.
27A. M. Hodge, J. Biener, J. R. Hayes, P. M. Bythrow, C. A. Volkert, and A.

V. Hamza, Acta Mater. 55, 1343 �2007�.
28J. Biener, A. M. Hodge, J. R. Hayes, C. A. Volkert, L. A. Zepeda-Ruiz, A.

V. Hamza, and F. F. Abraham, Nano Lett. 6, 2379 �2006�.
29B. Wu, A. Heidelberg, and J. J. Boland, Nat. Mater. 4, 525 �2005�.
30M. D. Uchic, D. M. Dimiduk, J. N. Florando, and W. D. Nix, Science 305,

986 �2004�.
31J. Biener, A. M. Hodge, A. V. Hamza, L. M. Hsiung, and J. H. Satcher, J.

Appl. Phys. 97, 024301 �2005�.
32A. M. Hodge, J. Biener, L. L. Hsiung, Y. M. Wang, A. V. Hamza, and J. H.

Satcher, J. Mater. Res. 20, 554 �2005�.
33C. A. Volkert, E. T. Lilleodden, D. Kramer, and J. Weissmuller, Appl.

Phys. Lett. 89, 061920 �2006�.
34D. Lehmhus and J. Banhart, Mater. Sci. Eng., A 349, 98 �2003�.
35O. Kraft, D. Saxa, M. Haag, and A. Wanner, Z. Metallkd. 92, 1068 �2001�.
36X. M. Bai and M. Li, Nano Lett. 6, 2284 �2006�.
37J. Biener, A. M. Hodge, and A. V. Hamza, Appl. Phys. Lett. 87, 121908

�2005�.
38M. Zhao, W. T. Zheng, J. C. Li, Z. Wen, M. X. Gu, and C. Q. Sun, Phys.

Rev. B 75, 085427 �2007�.

084317-7 Ding, Sun, and Zhou J. Appl. Phys. 103, 084317 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1002/cphc.200500143
http://dx.doi.org/10.1016/S1359-6454(01)00062-3
http://dx.doi.org/10.1007/s10853-005-6517-0
http://dx.doi.org/10.1080/14786430412331280382
http://dx.doi.org/10.1016/0966-9795(93)90028-T
http://dx.doi.org/10.1073/pnas.0505640103
http://dx.doi.org/10.1073/pnas.0505640103
http://dx.doi.org/10.1063/1.2769266
http://dx.doi.org/10.1021/jp035070h
http://dx.doi.org/10.1126/science.277.5334.1971
http://dx.doi.org/10.1103/PhysRevB.70.245416
http://dx.doi.org/10.1103/PhysRevLett.93.215503
http://dx.doi.org/10.1038/nmat1076
http://dx.doi.org/10.1103/PhysRevB.68.054104
http://dx.doi.org/10.1063/1.1497442
http://dx.doi.org/10.1063/1.1568521
http://dx.doi.org/10.1115/1.2897150
http://dx.doi.org/10.1063/1.2831205
http://dx.doi.org/10.1002/(SICI)1527-2648(200004)2:4<159::AID-ADEM159>3.0.CO;2-O
http://dx.doi.org/10.1016/j.actamat.2006.09.038
http://dx.doi.org/10.1021/nl061978i
http://dx.doi.org/10.1038/nmat1403
http://dx.doi.org/10.1126/science.1098993
http://dx.doi.org/10.1063/1.1832742
http://dx.doi.org/10.1063/1.1832742
http://dx.doi.org/10.1557/JMR.2005.0081
http://dx.doi.org/10.1063/1.2240109
http://dx.doi.org/10.1063/1.2240109
http://dx.doi.org/10.1016/S0921-5093(02)00582-8
http://dx.doi.org/10.1021/nl0617282
http://dx.doi.org/10.1063/1.2051791
http://dx.doi.org/10.1103/PhysRevB.75.085427
http://dx.doi.org/10.1103/PhysRevB.75.085427


39J. E. Sader, J. Appl. Phys. 91, 9354 �2002�.
40M. X. Gu, C. Q. Sun, Z. Chen, T. C. Au Yeung, S. Li, C. M. Tan, and V.

Nosik, Phys. Rev. B 75, 125403 �2007�.
41L. K. Pan, C. Q. Sun, and C. M. Li, Appl. Surf. Sci. 240, 19 �2005�.
42C. Q. Sun, Prog. Solid State Chem. 35, 1 �2007�.
43C. Q. Sun, Phys. Rev. B 69, 045105 �2004�.
44S. Schuppler, S. L. Friedman, M. A. Marcus, D. L. Adler, Y.-H. Xie, F. M.

Ross, Y. J. Chabal, T. D. Harris, L. E. Brus, W. L. Brown, E. E. Chaban,
P. F. Szajowski, S. B. Christman, and P. H. Citrin, Phys. Rev. B 52, 4910
�1995�.

45M. G. Mason, Phys. Rev. B 27, 748 �1983�.
46O. G. Shpyrko, A. Y. Grigoriev, C. Steimer, P. S. Pershan, B. Lin, M.

Meron, T. Graber, J. Gerbhardt, B. Ocko, and M. Deutsch, Phys. Rev. B
70, 224206 �2004�.

47J. Schiotz, F. D. DiTolla, and K. W. Jacobsen, Nature �London� 391, 561
�1998�.

48C. Q. Sun, S. Li, and C. M. Li, J. Phys. Chem. B 109, 415 �2005�.
49A. Mathur and J. Erlebacher, Appl. Phys. Lett. 90, 061910 �2007�.
50C. H. P. Poa, R. G. Lacerda, D. C. Cox, F. C. Marques, and S. R. P. Silva,

J. Vac. Sci. Technol. B 21, 1710 �2003�.
51B. J. Waclawski, J. W. Gadzuk, and J. F. Herbst, Phys. Rev. Lett. 41, 583

�1978�.

52C. Biswas, A. K. Shukla, S. Banik, S. R. Barman, and A. Chakrabarti,
Phys. Rev. Lett. 92, 115506 �2004�.

53P. H. Citrin and D. R. Hamann, Phys. Rev. B 10, 4948 �1974�.
54R. E. Watson, J. F. Herbst, and J. W. Wilkins, Phys. Rev. B 14, 18 �1976�.
55G. Kaindl, T. C. Chiang, D. E. Eastman, and F. J. Himpsel, Phys. Rev.

Lett. 45, 1808 �1980�.
56R. G. Lacerda, L. R. Tessler, M. C. dos Santos, P. Hammer, F. Alvarez,

and F. C. Marques, J. Non-Cryst. Solids 299, 805 �2002�.
57R. W. Lynch and H. G. Drickamer, J. Chem. Phys. 44, 181 �1966�.
58S. Bhattacharyya and S. V. Subramanyam, Appl. Phys. Lett. 71, 632

�1997�.
59K. Umemoto, S. Saito, S. Berber, and D. Tomanek, Phys. Rev. B 64,

193409 �2001�.
60S. H. Jhi, J. Ihm, S. G. Louie, and M. L. Cohen, Nature �London� 399, 132

�1999�.
61W. J. Huang, R. Sun, J. Tao, L. D. Menard, R. G. Nuzzo, and J. M. Zuo,

Nat. Mater. 7, 308 �2008�.
62J. T. Miller, A. J. Kropf, Y. Zha, J. R. Regalbuto, L. Delannoy, C. Louis,

E. Bus, and J. A. van Bokhoven, J. Catal. 240, 222 �2006�.
63M. V. Rastei, B. Heinrich, L. Limot, P. A. Ignatiev, V. S. Stepanyuk, P.

Bruno, and J. P. Bucher, Phys. Rev. Lett. 99, 246102 �2007�.

084317-8 Ding, Sun, and Zhou J. Appl. Phys. 103, 084317 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1470240
http://dx.doi.org/10.1103/PhysRevB.75.125403
http://dx.doi.org/10.1016/j.progsolidstchem.2006.03.001
http://dx.doi.org/10.1103/PhysRevB.69.045105
http://dx.doi.org/10.1103/PhysRevB.52.4910
http://dx.doi.org/10.1103/PhysRevB.27.748
http://dx.doi.org/10.1103/PhysRevB.70.224206
http://dx.doi.org/10.1038/35328
http://dx.doi.org/10.1021/jp045894e
http://dx.doi.org/10.1063/1.2436718
http://dx.doi.org/10.1116/1.1591747
http://dx.doi.org/10.1103/PhysRevLett.41.583
http://dx.doi.org/10.1103/PhysRevLett.92.115506
http://dx.doi.org/10.1103/PhysRevB.10.4948
http://dx.doi.org/10.1103/PhysRevB.14.18
http://dx.doi.org/10.1103/PhysRevLett.45.1808
http://dx.doi.org/10.1103/PhysRevLett.45.1808
http://dx.doi.org/10.1016/S0022-3093(01)01123-1
http://dx.doi.org/10.1063/1.1726442
http://dx.doi.org/10.1063/1.120425
http://dx.doi.org/10.1103/PhysRevB.64.193409
http://dx.doi.org/10.1038/20148
http://dx.doi.org/10.1038/nmat2132
http://dx.doi.org/10.1016/j.jcat.2006.04.004
http://dx.doi.org/10.1103/PhysRevLett.99.246102

