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Nanoindentation data on single-crystal Au~111!, Au~110!, and Au~100! are presented and show an interest-
ing yielding phenomenon—this yielding behavior is composed of a series of discrete yielding events separated
by elastic deformation. The onset of this behavior is in agreement with calculations for the theoretical shear
strength of gold. Good quantitative agreement is found between the experimental results and a model devel-
oped for the nucleation and multiplication of dislocations by a simple Frank-Read source under the indenter tip.
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A better understanding of the mechanics associated with
the contact of small volumes is becoming increasingly im-
portant from both a scientific and technological viewpoint.
The results of such research have widespread implications in
such areas as device miniaturization, computer disk drive
technology, and fracture mechanics as related to the under-
standing of crack tip blunting by dislocation emission. The
recent advances in nanoindentation techniques has allowed
for the detailed investigation of the contact of small volumes
where the contact radius is less than 100 nm. Since a typical
dislocation separation is of order 1mm for well-annealed
metals, the area under the nanoindenter should behave close
to that of a perfect single crystal, i.e., dislocation free. In
fact, Gane and Bowden1 noted that a metal’s resistance to
indentation on a small scale was quite different than the con-
ventional microhardness measurements. They observed that
a critical load must be reached before a stylus could pen-
etrate into the surface of a Au crystal. The critical load ap-
proached that of the theoretical shear strength of the crystal,
although the authors report quite a variability in the load,
most likely the result of organic impurities adsorbed on the
Au surface.

Recently, discontinuities in displacement have been ob-
served during nanoindentation in many systems but we will
confine our discussion to those observed on metal
surfaces.2–9 These displacement excursions have been attrib-
uted typically to oxide breakthrough by dislocations or an
effect of some unknown contamination layer on the metal
surface. Gerberichet al.7 demonstrated the existence of a
second displacement excursion at very low loads for the sys-
tem Fe–3 wt % Si which was interpreted as an indication of
dislocation emission below the oxide film prior to oxide
breakthrough. Motivated by this finding and the yield insta-
bilities originally observed on Au by Gane and Bowden1 via
scanning electron microscopy we investigated the yield be-
havior of well-prepared single-crystal Au which was free of
any surface oxides or contamination layers. We find that the
three low index faces of Au exhibit a reproducible displace-
ment excursion near the theoretical yield strength for gold in
agreement with a dislocation nucleation event. In fact, an
interesting yielding phenomenon was observed in which the

plasticity was confined to a series of excursions separated by
elastic deformation. As many as two excursions have been
observed by previous authors;7,10 however, we are unaware
of previous clear evidence for a series of displacement ex-
cursions separated by elastic loading. We believe that such
behavior is indicative of the contact of small volumes where
the linear dimension of the plastic volume is less than the
average dislocation spacing. A simple model based on the
nucleation and activation of a Frank-Read source under the
indenter tip is evaluated and compared to the experimental
results.

A commercial Hysitron, Inc. Picoindenter® was used on
conjunction with the Digital Instruments, Nanoscope™ III
atomic force microscope AFM/scanning tunnel microscope
~STM! to perform indentations on Au single crystals oriented
in the @111#, @110#, and @100# directions. The specially de-
signed force transducer of Hysitron, Inc. allows for the direct
imaging of the surface before and after the indentation ex-
actly centered over the point of contact. A Berkovich dia-
mond indenter was used for all indentations. The blunt end
of the indenter had a spherical radius of approximately 205
nm as determined by imaging the tip with an asperity on the
Au surface.8 The indenter tip is engaged on the surface in an
AFM imaging mode with a load of typically 800 nN. The
surface is imaged with the indenter tip and, a site other than
the impact site is chosen for the indentation avoiding any
deformation associated with the initial impact.11

The gold single crystals12 ~99.99%! were prepared imme-
diately before each series of indentations by electrochemical
polishing at 2.5 A in a 1:2:1 electrolyte of ethylene glycol:
ethanol:HCl at 55 °C. The surfaces were then flame annealed
until glowing red hot under a H2 flame. The samples were
then quenched and stored under triply distilled water and
transferred into a dry N2-purged glove bag where the inden-
tation experiments were conducted. The N2 flowed through a
column of CaSO4 and 5 nm molecular sieve to eliminate
H2O and organic impurities. The flame annealing technique
was developed by Clavilieret al.13 and is used extensively in
the electrochemical scanning tunneling microscopy commu-
nity to produce clean Au surfaces~better than submonolayer
contamination! with atomically flat terraces of a few 100 nm
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in width. As a control, we removed some Au samples from
the distilled water for several hours prior to indentation test-
ing. For these samples, we obtained very irreproducible re-
sults and increased values of hardness.8 X-ray photoemission
spectroscopy results for this ‘‘dirty’’ Au surface revealed the
presence of a single monolayer of carbonaceous contamina-
tion. From these results, and the fact that we get complete
reproducibility on clean surfaces we feel confident that our
surface-preparation procedure produces surfaces with better
than submonolayer contamination.

Figure 1 shows the typical load-displacement curves ob-
tained for the Au~111!, ~100!, and ~110! crystals, respec-
tively. The first displacement excursion corresponds to the
initiation of plastic deformation~yield point!. Before this ex-
cursion, only elastic deformation is observed as confirmed by
direct imaging the surface before and after indentation with
the Hysitron indenter and also by unloading before the onset
of the first excursion as shown in the Au~100! inset of Fig.
1.

The value of the yield point was sensitive to the degree of
surface roughness. For the~111! crystal where atomic ter-
races 15 nm wide were separated by single atomic steps 0.24
nm in height, a typical yield point of 8mN ~;3 GPa! was
obtained. The area of contact between the indenter and Au
surface is obtained by assuming Hertzian contact up to the
first yield excursion for a spherical tip with a radius of 205
nm. This radius was determined by direct imaging of the tip
in the AFM mode of the Hysitron instrument. For the~100!
crystal, a typical value of 44mN ~8.5 GPa! was obtained on
atomically flat terraces 200–300 nm in width but very
quickly approached values closer to that of the~111! crystal
as the surface roughness increased. Similar behavior was ob-
served for the~110! crystal. Owing to the large dependence
of the yield point on the surface roughness, no orientational
dependence for the yield point was resolved. Regardless,
even the smallest value of the yield point approached that of
the theoretical shear strength of Au and is significantly
greater than the critical resolved shear stresstR of single
crystal Au equal to 0.9 MPa.14 If we take the theoretical
shear strengthtc of Au to be equal toGs/2p whereGs is the
shear modulus~30 GPa!, we get atc of approximately 5
GPa. Assuming thattR is equal to the maximum shear stress
under the indenter~0.45 of the mean pressure! we gettR in
the range of 1.5–4 GPa which is quite close to the theoretical
shear strength of 5 GPa.

The load-displacement curves of Fig. 1 also show the
discrete-yielding-event phenomenon. This yielding behavior
is unique because the plasticity appears to be confined to
particular values of the displacement, i.e., the Au surface
predominantly deforms elastically between each yield excur-
sion. We note that the number of such displacement excur-
sions, as well as their size, varies between indentations, but
the sum total of all displacements is conserved, i.e., the av-
erage shape of the indentation curve is highly reproducible.
The significance of the elastic loading and unloading after a
yield event is that an apparent force equilibrium is set up
between the dislocations and the indenter which makes the
indenter behave as if it were in an elastic medium. We
should point out that all data shown are the raw data, i.e., no
drift corrections were necessary. Drift was insignificant with
the Hysitron instrument once thermal equilibrium was

reached~typically 1 h! as evident in the reversibility of the
inset of Au~100! in Fig. 1. For some of the data in Fig. 1 the
initial unloading slope is slightly negative. This is due to the
significant creep that occurs for well-annealed Au surfaces.

FIG. 1. Typical load-displacement curves for Au single crystals
~111!, ~100!, and ~110!. The inset of Au ~100! is a load-
displacement curve for Au~100! showing elastic loading and un-
loading just prior to the first displacement excursion. The inset of
Au ~110! is a load-displacement curve for Au~110! showing elastic
loading and unloading just prior to the next displacement excursion.
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The inset of Au ~110! in Fig. 1 shows an example of a
loading cycle in which the unloading portion of the curve
occurs just before the next displacement excursion. The ini-
tial unloading approximately traces the upper portion of the
loading curve indicating elastic behavior.

The presence of surface atomic steps had a marked influ-
ence on the load-displacement response. Figure 2 shows the
effect of performing an indent on a step bunch approximately
2 nm in height as compared to indenting on an atomically flat
area15 with the identical indenter tip. We believe the atomic
steps act as nucleation sites for dislocations owing to the
decrease in surface energy associated with annihilating step
edges. The opposite case would be true for an atomically flat
surface in which atomic steps must be created. For the analo-
gous problem of crack tip blunting, this edge energy can
dominate the dislocation emission criterion.16

The presence of displacement excursions for nanometer
scale contacts suggests a further difficulty in quantifying the
behavior of materials with a simple number such as the hard-
ness. With discrete yielding events, substantially different
values for hardness would be obtained depending upon
whether an indenter was unloaded before or after a displace-
ment excursion as shown in Fig. 3. For comparison, the typi-
cal hardness value for polycrystalline Au obtained by con-
ventional microhardness testing is 300 MPa.14 Literature
values for the hardness of Au obtained by nanoindentation
are 650 MPa~Ref. 17! and 2 GPa,18 which spans the range of
hardness values in Fig. 3.

We now analyze the yielding phenomenon following an
analysis performed previously7 for a single displacement ex-
cursion. In the model, it is assumed that a single displace-
ment excursion is initiated by a single dislocation nucleation
event. This first dislocation then acts as a Frank-Read~F-R!
source eventually creating a dislocation pileup under the in-
denter. This source will operate until the back forces from
the inverse pileup are sufficient to sum the forces to zero.
This marks the end of the displacement excursion. The
sample is then further loaded until another source is created
on a parallel slip band; this marks the beginning of the next
excursion. If we assume that the F-R source has pinning
points separated by a length equal to the contact diameter,

2a ~Ref. 19! and ignore lattice friction and image forces we
can write the force balance~in units of force/length! of one
such pileup as

tR~r S!b2
GSb

2

2a
2

GSNb
2

2p~r S2a!
50, ~1!

where tR(r S) is the critical resolved shear stress,b is the
Burgers vector,GS is the shear modulus,a is the contact
radius,N is the number of dislocations in the pileup, and
r S is the position of the superdislocation. The first term rep-
resents the shear stress operating on the F-R source by the
externally applied load; the second term is the critical force
necessary to operate a source of length 2a; and the third
term is the sum of all of the forces of the dislocations in the
pileup acting on the first dislocation written in terms of a
single superdislocation of strengthNb located at distance
r S . If we taketR(r S) to be the maximum shear stress under
the indenter at depthr S and loadPyp , we can rewrite Eq.~1!
as

FIG. 4. Normalized loadPia
21 at excursioni , vs the sum of all

displacements from excursions 1 throughi @h, Au ~111!; d,
Au ~100!; andn, Au ~110!#.

FIG. 2. Load-displacement curve for Au~100! when the in-
denter is centered over an atomically flat terrace~n! or over step
bunches~s!.

FIG. 3. Hardness values obtained from indentation curves taken
for the Au ~100! surface. The hardness values were obtained by
dividing the load at excursioni by the geometric area of the in-
denter at a depth equivalent to the indentation depth before~n! and
after ~d! excursioni .
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Pyp5
3pa

2C~a!HGSb

2 F11
N

p~a21!G J ~2!

whereC(a) is a geometric term equal to 0.119 fora54,
wherea is the position of the super dislocationNb in units
of the contact radiusa.If we assume that all of the plasticity
is confined to the displacement excursions of sized and we
takeN'd/b, then Eq.~2! should apply to displacement ex-
cursioni if N is taken as(d i /b for all excursions up to load
Pi . ForGs530 GPa,a54, C(a)50.119, we get

Pyp

a
5174 N m21164 GPa(d i . ~3!

Figure 4 is a plot of the load at excursioni , normalized by
the contact radiusa versus the sum of all excursions 1 toi
for Au ~111!, ~100!, and~110!. Linear regression using all of
the data yields the equation

Pyp

a
5242 N m2117.5 GPa(d i . ~4!

The constant in the above equation, which is directly related
to the stress necessary to activate the Frank-Read source, is
in fairly good agreement with the predicted value of Eq.~3!.
However, the experimentally determined slope is signifi-
cantly less than the predicted value. This discrepancy is to be
expected since this simplified model does not take into ac-
count the interaction of dislocations on parallel slip bands.
For the ‘‘particular’’ yielding behavior we observed in Au,
we can visualize each excursion as that of the activation of a
parallel slip band. Shielding effects between the dislocations
in these parallel slip bands would result in an overestimation
of the applied load. That is, a parallel set of slip bands is not
as effective at supporting the applied load as a single band
and of course the actual distribution of dislocations under an
indenter tip is much more complicated than this simple view
after perhaps only a few excursions.
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