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Abstract

We present a displacement and strain analysis of edge dislocation core in gold. The displacement and strain field around the edge
dislocation were mapped by geometric phase analysis of high-resolution transmission electron microscopy images. The displacement
and strain measurement results were compared with the isotropic elastic theory dislocation model, the anisotropic elastic theory dislo-
cation model, the Peierls—Nabarro dislocation model and the Foreman dislocation model (a = 4). These comparisons show that the Pei-
erls—Nabarro model is the most appropriate theoretical model to describe the deformation fields of the dislocation core.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Dislocation plays a very important role in a material’s
mechanical properties. Research on dislocations is a classi-
cal topic in materials science and attracts a lot of scientific
interest. There are many dislocation models, such as the
elastic theory model and discrete model. The Peierls—Nab-
arro [1-3] dislocation model is one of the most important
models and has been discussed by many researchers [4-6].
Foreman proposed an improved model [7]. In this model,
the Peierls—Nabarro dislocation model is extended to a
family of edge dislocations of greater widths by introducing
the factor a. Foreman thought that ¢ =4 was fitted for
bubble raft experiments.

The core structure of an edge dislocation in gold has been
studied using a molecular dynamics simulation [8]. The dis-
location core properties of the Peierls—Nabarro model were
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also theoretically studied by Lu [9] and Schoeck [10].
Although a lot of research has already been done in this
field, there are still many problems that remain unsolved.
For example, a direct measurement to verify the Peierls—
Nabarro model has not been achieved because of a lack
of experimental techniques with sufficient displacement sen-
sitivity and spatial resolution. Recently, high-resolution
transmission electron microscopy (HRTEM) has become
a powerful tool for mapping the displacement field at the
nanoscale level because of the development of quantitative
image analysis methods [11-12]. One such technique is geo-
metric phase analysis (GPA) [13], which has been applied to
a wide variety of systems, such as quantum dots [14], nano-
wires [15], Si/Ge heterostructures [16] and low-angle grain
boundaries [17]. The GPA has also been applied to quanti-
tative measurements of displacement fields of edge disloca-
tion in aluminum [18]. The accuracy of the technique has
demonstrated that could be measured to 0.003 nm [19].
Here, we present a study of an edge dislocation in gold.
The displacement fields and strain fields of the dislocation
core were mapped and compared with four dislocation
models.
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2. Theory

2.1. Displacement of edge dislocation given by isotropic
elastic theory

The isotropic elastic theory describes the displacement
of an edge dislocation as
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where x and y are the right-angle coordinates, respectively,
centered on the dislocation core position, b is the Burgers
vector, and v the Poisson ratio.

2.2. Displacement of edge dislocation given by anisotropic
elastic theory

The anisotropic elastic theory describes the displace-
ment of an edge dislocation b = (b,,b,,0) as
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The ¢/,,¢},,¢h,, ¢ are elastic constants.

2.3. Displacement of edge dislocation given by the Peierls—
Nabarro model

According to the Peierls—Nabarro dislocation model,

the displacement of an edge dislocation along the x direc-
tion can be written as

U= ——tan ——— (5)
y

2.4. Displacement of edge dislocation given by the Foreman

model

Foreman has given a dislocation model, which describes
the displacement of an edge dislocation along x direction as

2(1 = v)xy
ay 4(1 —v)’x2 + a2

(6)
where a is an alterable parameter controlling dislocation
width. Foreman thought that « = 4 was fitted for the bub-

ble raft dislocation. It would be the Peierls—Nabarro model
when a = 1.

3. Experimental methods
3.1. Geometric phase analysis

An HRTEM image formed at a zone axis of a crystal
can be considered as a set of interference fringes corre-
sponding to the atomic planes of the specimen. GPA ana-
lyzes these interference fringes individually to extract the
information concerning displacement. In particular, the
technique measures the displacement of lattice fringes with
respect to a perfect lattice (for example provided by a
region of undistorted substrate). The method is based on
the calculation the local Fourier components of lattice
fringes. The phase of these local Fourier components, or
geometric phase Py(r), is directly related to the component
of the displacement field, u(r), in the direction of the reci-
procal lattice vector g:

Py(r) = —2mg - u(r) (7)

It is assumed that the displacement field is constant along
the propagation direction through the foil or that if there
are small variations, they are averaged out. In the latter
case, the displacement field is the projected displacement
field averaged over the foil thickness. And by measuring
two phase images, Py (r) and Pg(r), the two-dimensional
displacement field can be determined:

ulr) = — 5 [Pa(r)ar + Polr)a) Q

Here a; and a, are the basis vectors for the lattice in real
space corresponding to the reciprocal lattice defined by g,
and g,. Eq. (6) in matrix form is
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Plane strain can be written as
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3.2. Electron microscopy

The HRTEM sample is a gold crystal specimen that
consists of an ultra-thin layer of gold grown epitaxially into
a single crystal along the [00 1] direction. HRTEM experi-
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ment was performed on the JEM-2010 transmission elec-
tron microscope at 200 kV (spherical aberration = 1.0 mm,
point resolution = 0.194 nm). Images were recorded on a
Gatan 1k x I k slow scan CCD camera and processed
using the software GPA Phase, developed by the Gatan
DigitalMicrograph environment.

4. Results and discussion

Fig. 1a shows an HRTEM image of an edge dislocation
in gold. Geometric phase images were calculated for the
two sets of {200} lattice fringes (Fig. 1c and d) using
Gaussian masks and are shown in Fig. le and f. Burgers
vector b= 1/2[010]. Taking the x-axis parallel to [010]
and the y-axis parallel to [ 100 ], the displacement field
u, can be calculated from geometric phase images and is
shown in Fig. 2a. Also shown in Fig. 2 is the displacement
field of four theoretical dislocation models that were calcu-
lated in an infinite medium using the bulk elastic constants
of gold, (¢}, =c) =186.0GPa, (¢}, =157.0GPa,
¢y, = 42.0 GPa, Poisson’s ratio v = 0.412, lattice constant
a=0.408 nm. The color' scale indicates displacement
changes of —0.051 nm to +0.051 nm. The displacement dis-
tribution of the experiment and the four theoretical models
agree with each other in the region far from the dislocation
core and have the asymptotic value of u, = i@. Here,
u, = +0.051 nm. Therefore, the isotropic elastic theory dis-
location model, the anisotropic elastic theory dislocation
model, the Peierls—Nabarro dislocation model and the
Foreman dislocation model are all available far from dislo-
cation core.

In order to quantitatively examine the degree of agree-
ment between the experiment result and the four theoreti-

! For interpretation of color in Figs. 2 and 3, the reader is referred to the
web version of this article.

|

ﬁiu

1l

Il o

Fig. 1. Geometric phase analysis of an edge dislocation in a gold: (a) HRTEM image in [00 1] orientation; (b) Fourier transform of image in (
analyzed spot circled; (c) (200) lattice fringes obtained by filtering; (d) (020) lattice fringes obtained by filtering; (e) geometric phase image of 20()) lattice
fringes and (f) geometric phase image of (020) lattice fringes. Color range —n to = rad. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

), with the

cal models in the region of the dislocation core, it is
useful to consider the strain fields. Strain is particularly
sensitive to noise, as it is calculated from the derivative
of the displacement. The deformation fields are calculated
for the boxed regions in Fig. la. The size of the boxed
region is 3.725nm x 3.725 nm. The strain field can be
determined by numerically differentiating the displacement
field. Therefore, the experimental strain field can be
mapped and is shown in Fig. 3a. There is a convergence
region of strain around the edge dislocation core. In the
region of the extra half-plane (y > 0), the strains are nega-
tive and compressive, and the lattice is expanding on the
other side. The largest strain values occur in the immediate
core region. The strain is smaller farther from the disloca-
tion core. Also shown in Fig. 3b-e are four theoretical
model ¢, strain fields. The color' scale indicates strain
changes of —15% to +15%.

There is not a lot of obvious agreement in the vicinity of
the dislocation core. The strain maps of isotropic elastic
theory and anisotropic elastic theory are butterfly shape.
The strain maps of the Peierls—Nabarro and the Foreman
models are figure-of-eight-shaped. Thus, the four theoreti-
cal models are not all appropriate in the vicinity of the dis-
location core. Qualitatively, the agreement of the
experimental result and the Peierls—Nabarro dislocation
model is in the best agreement. Also, we find that the elastic
theory dislocation models are inappropriate theoretical
models for the dislocation core.

To analyze the degree of agreement between the experi-
ment and theory in more detail, we have selected four dif-
ferent circles of radius r from the dislocation core to
measure the variation of strain and compared them with
four theoretical models (the measurement location; see
Fig. 3e). The results are shown in Fig. 4a—d. The standard
deviations of the strain difference between the experimental
and theoretical &, strain components for different circle of
radius r are shown in Table 1. The difference between the
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Fig. 2. Experimental and theoretical displacement fields: (a) experimental u, displacement field; (b) isotropic elastic theory u, displacement field; (c)

anisotropic elastic theory uy displacement field; (d) Peierls—Nabarro dislocation model u, displacement field and (e) Foreman dislocation model (a = 4.0)
u, displacement field.

Fig. 3. Experimental and theoretical strain field: (a) experimental ¢,, strain field; (b) isotropic elastic theory &, strain field; (c) anisotropic elastic theory
&, strain field; (d) Peierls-Nabarro dislocation model ¢, strain field and (e) Foreman dislocation model (@ = 4.0) ¢, strain field.

experimental and the Peierls—Nabarro dislocation model &, strain component is the greatest. Again, the agreement
&¢y Strain component is the smallest, while the difference of the experimental result and the Peierls—Nabarro disloca-
between the experimental and anisotropic elastic theory  tion model is best.
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Fig. 4. Comparison of angular variation of strain field: (a) r = b; (b) r = 2b; (c) r =4b and (d) r = 8b.
Table 1 are all appropriate far from the dislocation core

Standard deviations on the differences between the experimental and
theoretical ¢, strain components

r=b r=2b r=4b r=28b

Experiment and isotropic elastic theory 0.075 0.036  0.020  0.0093

Experiment and anisotropic elastic 0.079 0.039 0.020  0.0096
theory

Experiment and Peierls—Nabarro 0.029 0.012 0.0061 0.0040
model

Experiment and Foreman model 0.053 0.024 0.013  0.0059

5. Conclusions

A direct quantitative measurement of the displacement
and strain field around an edge dislocation core in gold
was achieved by a combination of HRTEM and GPA.
The displacement measurement region is 7.45 x 7.45 nm.
The strain measurement region is 3.725 x 3.725 nm. The
isotropic elastic theory dislocation model, the anisotropic
elastic theory dislocation model, the Peierls—Nabarro dislo-
cation model and the Foreman dislocation model (a =4)

(>7.5 nm). According to the comparison results of four
theoretical models and the experimental results in the vicin-
ity of the dislocation core, the Peierls—Nabarro model is the
most appropriate theoretical model to describe the dis-
placement field and strain field of the dislocation core in
gold.
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