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Observation of plastic deformation in freestanding single crystal Au
nanowires
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Freestanding single crystal nanowires of gold were fabricated from a single grain of pure gold leaf
by standard lithographic techniques, with center section of 7 �m in length, 250 nm in width, and
100 nm in thickness. The ends remained anchored to a silicon substrate. The specimens were
deflected via nanoindenter until plastic deformation was achieved. Nonlocalized and localized
plastic deformations were observed. The resulting force-displacement curves were simulated using
continuum single crystal plasticity. A set of material parameters which closely reproduce the
experimental results suggests that the initial critical resolved shear stress was as high as
135 MPa. © 2006 American Institute of Physics. �DOI: 10.1063/1.2354033�
Experiments show that the stress at which irreversible,
or plastic, deformation initiates in bulk metals is typically
independent of the size of the specimen. This is due to the
fact that the characteristic length scales of the various physi-
cal mechanisms which govern plastic deformation—be they
dislocations, twinning, grain boundary sliding, among
others—are much smaller than the bulk length scale so that
they can be thought of as being continuously distributed in
bulk materials and not dependent upon the details of the
geometry or loading. However, when the specimen size is
sufficiently small, the length scales associated with the de-
formation mechanisms may become important and lead to a
change in the so-called yield stress at which the deformation
mechanisms are activated. Length scales and phenomena
which can affect yield stress include grain size, specimen
size, presence of large strain gradients, and presence of pas-
sivation layer, as reviewed by others.1,2 There are many ex-
perimental methods to measure the mechanical properties of
metals at small length scales. The two most pertinent to this
study are the microcolumn compression test3 which can test
submicron specimens and the deflective tensile test in which
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a suspended bridgelike specimen is deflected with a
nanoindenter.4

In this letter, the mechanical behavior of nanoscale
single crystals of gold is reported. The experiments were
performed by measuring the force-displacement response as-
sociated with deflecting a thin film of gold suspended above
a silicon substrate in a double-cantilever configuration with a
nanoindenter. Commercially available gold leaf �Monarch™
24 carat, Sepp Leaf Products, Inc.� with an as-received thick-
ness of about 150 nm as measured by atomic force micros-
copy was employed in the study. The leaf was glued onto a
�001� Si wafer with epoxy in tetrahydrofuran �C4H8O� solu-
tion by spin coating, followed by flattening with a smooth
glass surface to obtain a final thickness of about 100 nm. The
grain size and crystallographic orientation of the gold leaf
were measured by electron backscatter diffraction �EBSD�
with a JEOL 5600 scanning electron microscopy �SEM� us-
ing CHANNEL 5 software �HKL Technology Inc.�. The leaf
was comprised of relatively large grains with in-plane di-
mensions of several tens of micrometers. The out-of-plane
crystallographic texture was strongly �100�.

Since the in-plane grain size was significantly larger than

the desired specimen size, an array of dog-bone-shaped
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specimens was fabricated within an individual grain, so that
the specimens consisted of single crystals of the same orien-
tation. The fabrication regimen was as follows. Positive
polymethylmethacrylate electron beam resist was deposited
on the film to allow electron beam masking. After develop-
ing the resist to expose the portion of the film to become the
specimens, a 40 nm thick Ni film was deposited by thermal
vapor deposition �Auto 306, BOC Edwards Inc.�. The re-
maining resist under the Ni film was lifted off to leave the Ni
deposited directly onto the gold to act as a mask for subse-
quent processing. The excess leaf was removed by induc-
tively coupled plasma �ICP� etching �anisotropic Ar sputter-
ing mode, Oxford PlasmaLab 80 Plus ICP 65� and the gold
thin films were suspended by isotropic CF4/O2 reactive ion
etching �RIE� �gas pressure of 250 mTorr, 200 W, RF
power, Technics Series 800 RIE� of the underlying silicon
substrate followed by the removal of the Ni film by wet
etching. The resulting array of specimens is shown in Figs.
1�a� and 1�b�. The gauge length of the specimens was 7 �m
and the cross-sectional width was 250 nm. The average
thickness was 105.5±9.9 nm as measured in more than ten
regions of the specimens via SEM micrographs.

Deformation was induced by deflecting the suspended
bridgelike specimens toward the substrate at a rate of
30 nm/s using a nanoindenter �Nanovision™, MTS Systems
Corporation, Oak Ridge, TN�. A Berkovich indenter with a
tip radius of approximately 300 nm was employed. Three
specimens were tested. Figure 1�c� shows specimen 2 after
the loading. While it is believed that the indenter tip lay
along the centerline of the specimen longitudinally, the point
of contact was approximately 0.5 �m from the midpoint be-
tween the two anchors. It is apparent that plastic deformation
occurred heterogeneously, but in a predominantly nonlocal-
ized manner, along the gauge length of the specimen. Figure
1�d� shows a slip localization on a single slip system of
specimen 2, which will be discussed later. The force-
displacement curves for the three freestanding single crystal
gold specimens are shown in Fig. 2�a�. In the elastic range,
the magnitude of the force was expected to scale with the
cube of displacement once the displacement of the bridge
became comparable to its thickness.5 It can be seen that the
initial response of all the tested specimens was similar until a

FIG. 1. Nanoscale gold single crystal specimens: �a� array, �b� closeup of
specimens, �c� deformed specimen 2, and �d� closeup of specimen 2.
load of about 1 �N had been achieved after which the
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sample 1 suffered a slight load drop. It is assumed that the
load drop corresponded to the onset of plastic deformation in
that specimen, especially since the force increased at a
slower rate than the other two specimens upon further load-
ing. The force-displacement curves for the other two speci-
mens closely followed each other until a load of about
1.7 �N when the slope of the curve for specimen 2 began to

FIG. 2. �Color online� Results of experiments and simulations: �a� experi-
mental force vs displacement data, �b� comparison of finite element results
to experimental data, and �c� predicted uniaxial stress-strain response based.
decrease which presumably signaled the initiation of plastic
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deformation in specimen 2. Specimen 3 experienced a sud-
den load drop at about 3.5 �N. In addition to a monotonic
loading, sample 2 was unloaded after achieving a load of
2.5 �N. It is assumed that the deformation at these relatively
small loads occurred in a nonlocalized manner as has been
seen in submicron diameter compression specimens.3 Upon
reloading, the specimen experienced a sudden load drop at
about 3.5 �N which was likely precipitated by the formation
of the slip localization in Fig. 1�d�.

Since the plastic slip occurred in a nonlocalized manner
in the early stages of the deformation a continuum analysis
of the deformation was warranted, with the goal to determine
the overall stress and strain response of the material in order
to ascertain the approximate mechanical properties of the
specimens. Numerical simulations were performed using the
commercial finite element code ABAQUS �Ref. 6� with a user-
material subroutine incorporating single crystal plasticity.7

The dimensions of the single crystal in the analysis were
7000 nm in length, 250 nm in width, and 100 nm in thick-
ness. The finite element mesh was comprised of 28 320
eight-node linear hybrid elements with reduced integration
and hourglass control.6 An indenter, modeled as a rigid con-
tact surface, was positioned on the specimen at a point
3000 nm from one end of the gauge section; it had a conical
shape with half apex angle �=70.3° to have the same cross-
sectional area to depth ratio as the Berkovich indenter. Ad-
ditionally, the indenter tip was rounded with a radius of a
nominal 60 nm; however, the results were insensitive to the
precise radius chosen. The Coulomb friction law was used
between contacting surfaces, and the friction coefficient was
taken to be 0.15. The elastic moduli of the gold were C11
=186 GPa, C12=157 GPa, and C44=42.0 GPa and the plastic
slip systems were �111��110�.8 The crystallographic orienta-
tion of the surface normal �parallel to the direction of motion
of the indenter� was taken to be �001� based upon the EBSD
analysis. The crystallographic orientation along the gauge

length of the specimen was taken to be �1̄ 5.67 0� which is
rotated about 10° from �010�, consistent with the EBSD re-
sults and also with the orientation of the slip localization
�111� slip plane in Fig. 1�c�. The constitutive relation was
considered to be rate-independent in the limit of rate depen-
dent viscoplasticity.9 Specifically, the rate of slip, �̇���, of slip
system � was determined as

�̇��� = ȧ��� sgn������	 ����

g���	n

, �1�

where ���� was the resolved shear stress, ȧ��� the reference
strain rate, g��� the current strength of slip system �, and n
the rate sensitivity exponent. The rate of increase of strength
of the slip systems was ġ���=
�h���̇���, where the h�� con-
tained the so-called hardening moduli. A simple phenomeno-
logical functional form for the hardening moduli given by10

h�� = h��� = h0 sec h2	 h0�

�s − �0
	 �no sum on �� �2�

was used, where h0 is the initial hardening modulus, �0 the
yield stress which equals the initial value of current strength
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g���, �s the stage I stress �or the breakthrough stress where
large plastic flow initiates�, and �=
��0

t ��̇����dt, where t is
the elapsed time of the simulation. The values ȧ���=10−3 and
n=50 were used in the simulation. A set of parameters given
by h0=2 GPa, �0=134.2 MPa, and �s=189.0 MPa closely
approximated the mechanical response of specimen 2, as
seen in Fig. 2�b� so that the initial critical resolved shear
stress on the plastic slip systems was approximately
135 MPa. The uniaxial response of the specimen in

�1̄ 5.67 0� was then approximated using these parameters in
a plane stress simulation in which the length of the specimen
was ten times longer than its width. The results of that simu-
lation are in Fig. 2�c�, where it is evident that the tensile
yield stress would be approximately 375 MPa and that maxi-
mum value of tensile stress would reach about 500 MPa after
several percent strain.

In conclusion, previous uniaxial compression
experiments11,12 on 400 nm diameter gold single crystals in
the �010� direction �oriented 10° from the specimens in the
present experiments� experienced similar values of maxi-
mum uniaxial stress, around 500 MPa. The data in the
present set of experiments are also interesting because it rep-
resents a well-defined deformation due to both bending and
tension, so that it is complementary to the uniaxial compres-
sion tests which do not have significant bending. Finally, it is
noted that the force-displacement data of the other two speci-
mens tested in this experiment have different values of stress
at which plastic deformation began, which suggests that the
plastic behavior at these small length scales can be highly
sensitive to slight variations in specimen geometry or load-
ing conditions.
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