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The surface bond nature of face centered cubic metals has been controversial between hardening and
softening theoretically because of the lack of precise measurement. Here, we precisely measured the size
dependence of Young’s modulus of gold [111] nanocontacts with a clean surface by our in situ TEM-
frequency modulation force sensing method in ultrahigh vacuum at room temperature. Young’s modulus
gradually decreased from ca. 80 to 30 GPa, as the nanocontact width decreased below 2 nm, which could be
explained by surface softening; Young’s modulus of the outermost atomic layer was estimated to be
approximately 22 GPa, while that of the other part was almost the same with the bulk.
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When the size of a metal material is reduced to a few
nanometers, the surface effect becomes significant, leading
to different physical and chemical properties from their
bulk counterparts [1–3]; for example, the emergence of
quantized conductance [4] and the formation of single Au
and Pt nanotubes [5–7]. Surface effects have also emerged
as the change of the mechanical properties of atomic scale
materials [8–10], which have attracted considerable interest
not only in basic research but also in applications for
nanoelectromechanical systems (NEMSs) such as force
sensors and stretchable devices [11–15]. Among them,
Young’s modulus is one of the fundamental elastic
responses, because it determines the resonant frequency
of elastic waves propagating in the nanomaterial, which is a
key issue in designing NEMS.
Theoretical investigations suggested that Young’s modu-

lus was determined by competition between softening
caused by a reduction in the coordination number of
surface atoms, and hardening caused by the redistribution
of electrons of the surface atoms [8,16–18]. Wang et al.
predicted that Young’s modulus of Au nanowires (NWs)
increased with the reduction of the diameter of Au nano-
wires owing to the surface tension by the DFT calculations
[19]. Also, by molecular dynamic simulations, Liu et al.
showed the similar tendency for Au [100], [110], and [111]
NWs [20]. On the other hand, Zhang et al. [9] and Wang
et al. [21] showed that Young’s modulus decreased with a
decrease of diameter in simulation, which was explained in
terms of the surface elasticity. In addition, considering a Au
NW of a few nm in diameter was almost single crystalline
and defect-free [22,23], Young’s modulus was suggested to
depend not only on sample size but also on its orientation.
However, a consensus has not been reached [24,25].
Experimentally, the elastic properties have been inves-

tigated for semiconducting and metallic NWs [26–30].
Young’s modulus of GaAs or Si NWs have been reported to

increase with reducing diameter when an amorphous or
oxidation layer was formed on the surface [31,32], while
one of the clean Si NWs was reported to show the opposite
size dependence [33]. In addition, Chen et al. estimated
Young’s modulus for Al2O3 films of 2 nm to several nm in
thickness which were coated on the GaAs NWs [34]. These
results suggested that the material adsorbed on the NW has
an influence on its elastic property [35]. On the other hand,
for Au NWs, Young’s modulus did not show the size
dependence with a diameter in the range of 50–200 nm
[36]. The surface to volume ratio seems to be too small to
detect the surface effect in such range. Therefore, eluci-
dation of the surface effect on the mechanical properties of
metal NWs remains as a major challenge.
In this Letter, we measured the evolution of structure and

stiffness of the Au nanocontacts (NCs) with axis along the
h111i direction (Au h111i NC) in the stretching process by
our developed transmission electron microscope (TEM)
holder equipped with a quartz length-extension resonator
(LER) [37–39]. We found that a (111) layer was introduced
at the narrowest constriction every ca. 0.24 nm elongation,
which made stepwise change in conductance. From the
stiffness difference before and after the introduction,
Young’s modulus was estimated for the introduced (111)
layer. We found that Young’s modulus gradually decreased
from ca. 80 to 30 GPa as the nanocontact diameter
decreased below 2 nm. Such a reduction was explained
by surface softening.
Figure 1(a) shows the schematic of the experimental

setup with the Au NC in the TEM holder of an ultrahigh
vacuum TEM (UHV-TEM, JEM-2000VF, 200 kV) operat-
ing under conditions of 10−7 Pa. The Au NC was fab-
ricated by making a contact between two sharpened Au
wires (99.99% purity, Nilaco), one fixed to the edge of the
LER (3EXW-1073, STATEK) and the other fixed to a
counterelectrode. The position of the LER-side Au wire
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was controlled by a tube piezo (fine motion) and an
ultrasonic linear motor (TULA50, Technohands, coarse
motion). The Au wires were baked in advance at ∼100°C
for at least 24 h in a vacuum chamber. Afterward, the Au tip
surfaces were irradiated with an intense electron beam
(beam density: ∼100 A=cm2) in the UHV-TEM to remove
the contaminations adsorbed on it. During TEM observa-
tion, the electrical conductance was measured by applying
the bias voltage of 0.01 V to the NC for estimating its
minimum cross-sectional area [40]. Simultaneously, for
estimating the mechanical response of the NC, the LER
prong oscillated at its resonant frequency with a constant
amplitude of 27 pm by application of the ac excitation
voltage via a phase-locked loop with an oscillation con-
troller (OC4, SPECS). The stiffness of the Au NC was
derived from the shift of the LER resonant frequency [38].
Note that the measured stiffness included not only the
contribution of the introduced layer but also contribution of
the remaining part (both sides’ base including the bulk
parts) supporting it. In the previous report [37,39], the Au
NC stiffness might be underestimated by tens of percent if
the contribution of the bases was not considered. In the
present Letter, we precisely determined Young’s modulus
of the introduced layer by taking the contribution of the
bases into account. Figure 1(b) shows a typical TEM image
of the Au h111i NC, showing an “hourglass” shape. It was

formed between both apexes of two triangular pyramidal
tips surrounded by three f111g facets and slightly truncated
by three f001g facets as shown in Fig. 1(c), which were
consistent with Wulff’s theorem [41,42].
Figure 2(a) shows a typical evolution of the measured

stiffness and electrical conductance of the Au h111i NC
when stretching at a constant speed (see Movie S1 in the
Supplemental Material [43]). From TEM observation, a
new (111) layer was found to be introduced every ca.
0.24 nm of stretching as reported previously [42]. The
stepwise drop (as marked by the blue arrows) in conduct-
ance appeared simultaneously with introduction of the
(111) layer. It means that the introduced (111) layer had
a smaller cross section than the narrowest one before the
introduction. When the NC was stretched beyond 0.96 nm,
the period of the atomic layer introduction became shorter
than 0.24 nm, possibly due to the surface effect of the thin
layer introduction. On the other hand, small fluctuations (as
marked by the red arrows) sometimes appeared in the
conductance plateaus. Because no new introduced layer
was observed there, they might be caused by rearrangement
or slip of the inserted (111) layers.

FIG. 1. (a) Schematic illustration of the experimental setup with
the gold (Au) nanocontact (NC). The Au NCwas formed between
two Au bases connecting with the quartz length-extension
resonator (LER) edge and the counterelectrode, respectively.
We observed the Au NC by TEM simultaneously with measuring
its electrical conductance and stiffness. The Au NC was formed
as shown in the inset. (b) A typical TEM image of the gold [111]
nanocontact. The inset shows the structure model viewing from
the same direction. (c) Three-dimensional illustration of gold
[111] nanocontact. Three f111g facets (hexagonal pattern) are
slightly truncated by three f001g facets (square pattern).

FIG. 2. (a) Typical evolution of electrical conductance and
stiffness during stretching the Au nanocontact (NC) with the axis
along the h111i direction at a speed of 0.08 nm/s. In the stiffness
curve, the black arrows indicate dips, and in the conductance
curve, the blue and red arrows indicate stepwise drops and
fluctuations, respectively. (b) TEM images taken at the conduct-
ance plateaus of A–E in (a), respectively. In TEM images, the red
dotted lines are drawn along the outline of the gold nanocontact,
indicating that the angles of the apex are always the same (∼55°)
during stretching. The red arrows indicate the Au atoms at the
smallest cross section. (c) The cross-sectional atomic configura-
tions of the narrowest (111) layer at the conductance plateaus of
A–E in (a), retrieved from both conductance values and TEM
images. The blue and yellow circles correspond to the surface and
core atoms, respectively.
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From the TEM images of the Au h111iNCs viewed from
the [110] direction during the stretching process [Fig. 2(b)
A–E], the number of atoms at the width of the narrowest
(111) layer was counted to be 8, 7, 6, 5, and 4 atoms,
respectively, as indicated by the red arrows in Fig. 2(b).
Such observation with measurement of the conductance
value invaluably give information about the atomic
arrangement of the introduced (111) layer. When the
(111) layer was introduced, the other parts were confirmed
to be unchanged by the TEM observation, which showed
that the apex angle of both pyramidal bases was kept at 55°
[Fig. 2(b)], the introduced layer should be made by surface
migration of atoms from the bulk parts as discussed later.
On the other hand, the stiffness curve shows some small

plateaus separated by some dips. These small plateaus could
correspond to the elastic deformation. The dips appeared in
response to the drops or fluctuations in conductance,
as indicated by the black arrows in the stiffness curve of
Fig. 2(a). Previously, such dips have been pointed out to
appear in stiffness curve when the target material was
plastically deformed [45,46]. It was probable that the stiff-
ness was temporarily reduced due to unstable atomic
configurations at the moment of plastic deformation.
The shape of the narrowest (111) layer was identified by

combining the TEM image and the electrical conductance.
Based on the Sharvin formula [40], the areas of the
narrowest cross section in the TEM images from A–E in
Fig. 2 were estimated to be approximately 2.7, 2.3, 1.9, 1.4,
and 0.8 nm2, respectively, since the conductance values
were measured to be 31.6, 26.7, 22.2, 16.3, and 9.5 G0

(¼2e2=h: the quantized unit of conductance, where e is the
elementary charge, and h is the Planck constant), respec-
tively [17]. Assuming that one Au atom in the (111) plane
occupies 0.071 nm2 (detail in the Supplemental Material
[43]), the number of atoms in the narrowest layer could be
estimated as 38, 33, 27, 19, and 12 atoms, respectively.
Considering that such a thin Au h111i NC has a threefold
symmetric shape [see Fig. 1(c)] [41,47], the atomic
configuration of the narrowest (111) layer was determined
to be a triangle or truncated triangle shape that was mainly
composed of f111g facets [Fig. 2(c)]. Note that the surface
shrinkage can be ignored since it is estimated to be 1%–
1.3% even in the narrowest cross section of 7 atoms due to
the average coordination number of about 7.8 [48,49].
A model is proposed to calculate the Young’s modulus of

the inserted atomic layer as shown in Fig. 3(a). The
nanocontact can be regarded as a series coupling of
atomically thin disks [39]. Thus, the stiffness measured
after the introduction of the atomic layer (kafter) can be
expressed as a series coupling of the stiffness of the
introduced layer (klayer) and the stiffness of the two base
parts (kbase) as

1

kafter
¼ 1

klayer
þ 1

kbase
: ð1Þ

Because both sides’ base parts were unchanged before and
after the introduction of (111) layer, kbase ¼ kbefore, where
the kbefore is the stiffness measured before the introduction
of (111) layer. kbefore and kafter were obtained by averaging
the flat plateaus in stiffness curve before and after the
introduction of the (111) layer [Fig. 3(a) as an example].
However, the plateau regions could not be always observed
both before and after the introduction of the new layer in
time evolution of stiffness. The drop or fluctuation in
stiffness sometimes did not always match with the intro-
duction of the new layer. In such cases, the stiffness of the
new layer could not be estimated.
From Hook’s law, the Young’s modulus of the inserted

layer (Y layer) can be obtained as

Y layer ¼
F=A
Δl=l

¼ klayerl

A
¼ kbeforekafter

kbefore − kafter
×

l
A
; ð2Þ

where l is the layer thickness, corresponding to the spacing
between the (111) planes in Au lattice (ca. 0.24 nm), and A

FIG. 3. (a) TEM images and corresponding models and stiff-
ness of the Au h111i NC taken before and after the introduction
of a (111) layer. One the (111) layer was introduced as a
minimum cross section to keep the apex angle of the pyramidal
NC constant. The curves of the corresponding stiffness plateaus,
retrieved from Fig. 2(a), were also shown. (b) Young’s modulus
of the Au h111i NC as a function of the cross-sectional area. The
red dots and error bars correspond to the average and standard
deviation, respectively. The blue dots correspond to the value
obtained by fitting the experimental values with Eq. (3).
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is the cross-sectional area, which is determined as shown in
Fig. 2(c).
We statistically analyzed 28 stretching curves to obtain

the dependence of Young’s modulus on the cross-sectional
area [Fig. 3(b)], showing that the Young’s modulus
gradually decreases with decreasing size (detail in support-
ing information). Young’s modulus was estimated to be
approximately 80 GPa when the cross-sectional area was
about 3.6 nm2 (corresponding to the diameter of about
2.1 nm). It decreased to about 30 GPa at the cross-sectional
area of ca. 0.35 nm2 (corresponding to the diameter of
about 0.7 nm). The estimated Young’s modulus was
remarkably smaller than the theoretical one of ca.
116 GPa, which was supposed to correspond to the value
under stretching bulk Au crystal along the [111] direction
[50]. In such small size (below a few nm in size), since the
surface-to-volume ratio has been pointed out not to be
ignored, the surface effect was thought to play an important
role in determining the Young’s modulus [51,52].
As concerned with the surface effect, Young’s modulus

of the metal NWs has been quantitatively analyzed through
core-shell models [13,53] and core-surface models
[51,52,54]. Assuming that the core is surrounded by the
surface atomic layer with a different Young’s modulus, the
Young’s modulus of the introduced layer (Y layer) can be
obtained by summation of weighted Young’s modulus of
core (Ycore) and surface (Ysurface) as:

Y layer ¼ Ysurface
Asurface

Alayer
þ Ycore

Acore

Alayer
; ð3Þ

where Asurface and Acore are the numbers of the surface
atoms and the core atoms in the introduced layer,

respectively. From the atomic configurations in the intro-
duced (111) layer estimated as shown in Fig. 2(c), the
number of the surface atoms and the core atoms was
determined, where the surface atoms were defined as those
in the outermost layer denoted by the blue spheres and the
core atoms were denoted by the yellow spheres.
By fitting equation (3) to the experimental data of

Fig. 3(b) using the Levenberg-Marquardt method [55],
Young’s moduli of the surface and core atoms were
retrieved to be 22 and 119 GPa, respectively, with a
coefficient of determination of 91.4%. The obtained
Young’s modulus of the core part was close to that of
the bulk [111] crystal (116 GPa), while the one of the
surface was much lower than that of the core. It implies that
the outermost surface has unique mechanical properties and
plays an important role in determination of overall
mechanical properties of sub-two-nm Au nanomaterials.
Assuming that the outermost surface, subsurface, and core
had different Young’s moduli, the subsurface Young’s
modulus was obtained to be close to the core one,
indicating that the model consisting of the outermost
surface and core was more suitable for explaining the
experimental results. This means that the interatomic
potential at the surface is a more gradual slope than one
at the core. The interatomic potential at the surface, which
is mainly governed by their low coordination number,
could be evaluated through further structural and force
analysis by our method that paves the way for under-
standing the physical properties of nanomaterials whose
surface effect cannot be ignored.
It is reasonable that the surface Young’s modulus was

quite low because the surface atoms were observed to be
easily diffused, which were weakly bonded with the

FIG. 4. (a)–(c) A series of TEM images of the bulk part supporting the Au h111i NC during stretching. The number of the surface
atoms indicated by green arrows decreased one-by-one, indicating migration of these atoms on the surface. The dashed red line indicates
the boundary between the bulk part and the Au NC. The lattices were observed to be slightly distorted in the pyramidal shape; such
distortion could be caused by slight deviation of the stretching direction from the [111] orientation (the axis of the NC). (d) Schematic
illustration of introduction of a (111) layer to the minimum cross section of the Au NC due to migration of surface atoms. The dashed
circles indicate the original positions of the migrated surface atoms. The dashed boxes indicate the deformation region.
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subsurface. As shown in Figs. 4(a) and S5, and videos S2
and S3 in the Supplemental Material [45], the surface atoms
located on a side of the Au bulk part disappeared one by
one during stretching of the Au h111i NCs. It means that
these surface atoms migrated to the narrowest part of the
NC. These atoms seemed to migrate more frequently on
the (111) surface as shown in the supporting videos [43].
Such surface diffusion governing deformation process was
pointed out to explain the reshaping of Au nanorods below
melting temperatures but was not experimentally clarified
[56,57]. Therefore, the plastic deformation of the Au h111i
NC are thought to be different from conventional brittle or
ductile fracture of bulk Au crystal as shown in Fig. 4(d).
When a Au h111i NC is plastically deformed, the surface
atoms migrating on the NC are incorporated in introduction
of a (111) layer while the other parts are unchanged.
In conclusion, we measured the stiffness evolution of a

clean Au h111i NC with a diameter below 2 nm simulta-
neously with observation of the structure and measurement
of the electrical conductance using our developed TEM
holder equipped with a quartz LER. We observed that a
single (111) layer was introduced at the minimum cross
section of the NC each time when stretching by 0.24 nm.
By analyzing the stretching process, Young’s modulus of
the Au h111i NC was estimated to gradually decrease from
80 to 30 GPa as the diameter decreased below 2 nm. This
size dependence was well explained by a model of the
surface with a low surface Young’s modulus of 22 GPa.
This study demonstrated the clarification of the surface
effect on mechanical response for the nanocontacts, which
indicates that the surface is softened due to low co-
ordination number.
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