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Stability of the chevron domain at triple-line reconstructions
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The line of emergence of a grain boundary at the surface of a face centered cubic crystal may decompose
into a nanoscale triangular prism with a chevronlike structure. This behavior has been found in gold, and we
address here the generality of this phenomenon. The stability of the chevron structure is studied and discussed
for the case of a special tilt grain boundary in copper, nickel, and aluminum. Atomistic simulations predict a
chevron decomposition for Cu and Ni, but not for Al. The stability of Al against line decomposition was
confirmed by atomic resolution electron microscopy. The distinct behavior of these crystals is related to their
stacking fault energies.
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I. INTRODUCTION

Surface reconstruction is a common mechanism by which
atoms at crystal surfaces adapt to a surrounding that is different from that in the bulk. Recently a line reconstruction
has been found at the intersection of a grain boundary in gold
with the free surface.1 This new structure corresponds to the
dissociation of the junction line into a wire with a nanoscale
triangular cross section. The structure and stability of this
chevronlike object has been studied by electron microscopy
共Fig. 1兲 and atomistic simulations.
As the atomic arrangement is closely related to hexagonal
packing, we believe that the presence of such a reconstruction is not limited to gold, but can be possible in all materials
with a low stacking fault energy ␥ s f .
In this paper, we address the question of its stability in
copper, nickel, and aluminum by extending the atomistic
model used to study the chevron structure in gold 关 ␥ s f
⫽32 mJ/m2 for Au 共Ref. 2兲兴. Copper and aluminum have,
respectively, low3 (45 mJ/m2 ) and high4 (166 mJ/m2 ) stacking fault energies. Nickel has an intermediate value4 ␥ s f
⫽125 mJ/m2 .
II. INTERATOMIC POTENTIALS

The calculations utilized recent embedded-atom method
共EAM兲 potentials constructed for Cu 共Ref. 5兲, Ni 共Ref. 6兲,
and Al.6 The parameters of these potentials were fitted to
experimental values, in particular, the stacking fault energy
␥ s f , as well as ab initio energies, specifically the excess
energy ␦ E hcp of the hcp structure over fcc stacking. These
potentials were chosen here for their ability to give a good
overall agreement with a broad range of properties, but the
quantities ␥ s f and ␦ E hcp are especially important since they
control the lateral size of the chevron defect.

cur in the case of a low-energy grain boundary. In this section, we describe the geometry and the energy of the
90° 具 110典 tilt boundary for which this dissociation was first
observed.
An unrelaxed interface, parallel to the 兵 y,z 其 plane, is obtained by joining together two slabs of a fcc crystal. Both
slabs have their 关 011̄ 兴 axes parallel to the z axis, while the y
axis is parallel to the 关011兴 direction of the first grain and to
the 关100兴 direction of the second grain 共see Figs. 1 and 2兲.
This implies that the r 0 interplane periodicity of the first
grain is facing the 冑2r 0 interplane periodicity of the second
one. To use periodic boundary conditions along the y direction, we need to set integer numbers of planes in two families corresponding to both periods, respectively, n ᐉ and n s .
As 冑2 is an irrational number, this can be done only if a
periodic approximant is used instead of the true incommensurate grain boundary. Here we have used the approximation
n s /n ᐉ ⫽41/29⯝ 冑2⫺4⫻10⫺4 . Therefore, periodic boundary
conditions have been applied to the y 共incommensurate兲 and
z 共commensurate兲 directions of the grain boundary, while a
free boundary condition has been used in the perpendicular x
direction to allow the two grains to shift relative to each
other.
The total potential energy E of the N atoms of this configuration, containing one grain boundary and two free surfaces, can be written as E⫽NE f cc ⫹S( ␥ gb ⫹ ␥ (100) ⫹ ␥ (011) ),
where S and ␥ gb are, respectively, the area and the energy of
the grain boundary; the other terms are the bulk and surface

III. INCOMMENSURATE INTERFACE GEOMETRY

The dissociation consists of the replacement of the initial
grain-boundary termination at the free surface by a domain
with triangular cross section, leading to two new grainboundary segments. Thus the dissociation is unlikely to oc0163-1829/2004/69共17兲/172102共4兲/$22.50

FIG. 1. 共Color online兲 Atomic resolution transmission electron
micrograph showing a chevron domain at the intersection of the
90° 具 110典 grain boundary with the free surface in gold.
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FIG. 2. 共Color online兲 Diagram of a 7:5 approximant of the
90° 具 110典 tilt grain boundary corresponding to the approximation
冑2⬇7/5. Seven interplane distances s in one grain are facing five
distances ᐉ in the other grain. The periodicity P of the approximant
along the y axis is indicated by the dashed lines. When the model is
considered without this boundary condition, it presents two free
surfaces perpendicular to the grain boundary and located at y⫽0
and y⫽ P, respectively. When larger and larger approximants are
used, n s /n ᐉ and ᐉ/s tend to 冑2. A 41:29 approximant has been
considered in this paper corresponding to P⯝10 nm for Cu and
with a total width of the model along the x axis equal to 21 nm.

energies of the fcc crystal. The atomic relaxations were calculated by minimizing the energy E with respect to the
atomic coordinates. The calculated grain-boundary energies
␥ gb are 625 mJ/m2 for Cu, 1060 mJ/m2 for Ni, and
341 mJ/m2 for Al.
IV. CHEVRON DOMAIN

Removing the periodic condition along the y direction
creates two parallel free surfaces that bound the model perpendicularly to the incommensurate direction of the grain
boundary. After another energy minimization, this model
without dissociation represents the reference structure for the
emergence of the grain boundary at the surface. Subsequently an ‘‘ideal’’ model for the chevron structure was obtained by replacing the fcc packing of the atoms in a triangular prism along the z direction by a hexagonal close
packing of the same number of atoms 共see Fig. 3兲. In the xy
plane, the triangular base has a corner set along the interface

FIG. 3. 共Color online兲 Initial configuration before relaxation toward an ideal chevron structure. The size h of the domain is the
height of the triangular fcc region replaced by a hcp packing. Both
crystal structures have the same packing fraction.

FIG. 4. Variation of the chevron energy per unit length  with
domain size h for aluminum, copper, and nickel. The dashed lines
are parabolic fits Ah 2 ⫹Bh to these data.

at a distance h from the free surface. One side of the triangle
corresponds to the free surface and the other two are parallel
to the close-packed planes of the two fcc grains, respectively.
Because of the geometry of the interface, the latter two form
a right angle. The close-packed planes of the hcp grain are
set parallel to the close-packed plane of one grain, leading to
stacking faults with respect to the fcc packing. This creates
an incommensurate interface along the close-packed plane of
the other grain. Therefore, we choose to set this interface
along the shortest side of the triangle, i.e., to be the boundary
of the second grain 共see Fig. 3兲. Because of the discrete
nature of the domain, the size h of the domain can only take
discrete values. A sequence of triangles with increasing sizes
was constructed by removing the close-packed planes of the
two fcc grains one by one.
Because of the crystallographic orientation of the hcp domain, four different configurations have to be considered.
They are distinguished by the lattice cell translation with
respect to the domain boundaries. For each size h, only the
configuration with the lowest energy after the relaxation of
the four variants was considered.
The energy  of the chevron structure as a function of its
size h is shown in Fig. 4. In the case of copper and nickel,
the minima of (h) are negative and therefore the dissociation of the intersection line leads to a gain in energy. For Cu,
the minimum corresponds to the atomic configuration shown
in Fig. 5. The optimum size h is about 2 nm, similar to that
found in the case of gold.1 For nickel, the chevron domain
size is smaller and about 1 nm. One Ni configuration corresponding to h⫽2 nm, spontaneously created twin interfaces
at the triangular domain boundaries and generated a smaller
chevron domain (h⯝1 nm) inside the initial triangle.
In the case of aluminum, the configurations with a small
initial hcp domain spontaneously relaxed to the configuration
without dissociation. For larger initial hcp domains, most of
the stacking faults disappeared during the energy minimization, leaving smaller chevron domains of mainly 4H structure and the final energy was always found to be higher. This
is consistent with electron microscopy observations that have
shown no line dissociation for this grain boundary in aluminum 共see Fig. 6兲. Note that the difference in image quality
compared to Fig. 1 is due to differences in the sample and
the microscope. Aluminum foils tend to have an amorphous
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FIG. 5. 共Color online兲 Relaxed Cu chevron structure. Local
atomic energy is indicated by shading 共white for lowest energies,
black for highest energies at the grain boundary; for the higher
energies at the surface, the color saturates to black兲.

oxide surface layer that leads to image noise, especially in
very thin samples. In addition, the image in Fig. 6 was recorded on a microscope with athermionic emitter while that
in Fig. 1 was taken with a field emission microscope.
V. DISCUSSION

The optimum size of the chevron structure corresponds to
the balance between two different energy terms. One term is
the excess bulk energy of the chevron defect, proportional to
its area in the xy plane. The second contribution is proportional to the length h. This corresponds to the different grain
boundary and surface energies, especially the gain of removing the 90° 具 110典 interface and the cost of adding two new
interfaces. Therefore, the overall shape of the energy (h) of
the chevron domain should be of the form Ah 2 ⫹Bh.
The fit of this equation is shown in Fig. 4 and corresponds
to A⫽113⫾4 mJ/m3 and B⫽⫺280⫾20 mJ/m2 in the case
of Cu. The energy cost A per volume unit of replacing the fcc
lattice by the chevron structure corresponds to an energy per
atom equal to 8.4 meV. Although Fig. 5 shows that the initial
hcp structure has relaxed to a distorted packing, the A quantity is very close to the hcp excess energy ␦ E hcp ⫽8 meV
共with the same potential; 12 meV by ab initio calculation5兲.
On the other hand, the energy gain 兩 B 兩 per surface unit of
replacing the grain boundary is about half the energy ␥ gb of

this interface (625 mJ/m2 , see Sec. III兲.
In the Al case, the coefficients are A⫽231⫾18 mJ/m3
and B⫽⫹10⫾29 mJ/m2 . The energy cost A is equivalent to
24 meV per atom, roughly equal to the value 28 meV of
␦ E hcp calculated with the same Al potential. The coefficient
B is positive, meaning that there is no energy gain in replacing the grain boundary by the chevron boundaries. Its absolute value is much smaller than in the case of Cu. Taking into
account the error bar, we can conclude that this term is negligibly small.
We will now give an expression for the optimal size h as
a function of the energy quantities. The area of a chevron
domain of size h and the length of its boundaries with the fcc
grains are, respectively, S(h)⫽3h 2 /(2 冑2) and L(h)
⫽ 冑3(1⫹1/冑2)h. Thus the energy  of introducing a chevron of size h can be approximated as (h)⫽ 关 ␥ cb L(h)
⫺ ␥ gb h 兴 ⫹ ␦ E hcp S(h)/V 0 , where ␥ cb is the mean grainboundary energy of the chevron domain and V 0 is the atomic
volume. The energy (h) has a minimum at h⫽V 0 关 冑2 ␥ gb
⫺(1⫹ 冑2) 冑3 ␥ cb 兴 /(3 ␦ E hcp ). The energy of the interfaces
bounding the domain is closely related to the stacking fault
energy and therefore we make the approximation ␥ cb ⫽ ␥ s f .
The excess energy ␦ E hcp can also be related to the stacking
fault energy in a first approximation. The stacking sequences
of the close-packed structures can be described by an Ising
model7,8 where the translations between successive planes
are represented by spins and the hcp crystal is deduced from
the fcc crystal by introducing stacking faults every two
close-packed planes. Using a first neighbor interaction approximation in this Ising-model analogy, leads to ␦ E hcp
⫽ 冑3r 20 ␥ s f /4. The accuracy of this relation can be checked
here, since both quantities can be computed with the interatomic potentials used in this paper. Using ␥ s f as input, it
gives ␦ E hcp with errors equal to 0.3, 4, and 16 % for Cu, Ni,
and Al, respectively. With these approximations, and approximating also 冑3⫹ 冑3/2⯝2.96 to 3, the optimal chevron
size is given by
h⫽h 0 关共 ␥ gb / ␥ s f 兲 ⫺3 兴
where
h 0 ⫽ 共 2/3兲 3/2a,
and where a is the fcc lattice parameter. The triple-line reconstructs into a chevron domain when

␥ gb / ␥ s f ⬎3.

FIG. 6. Transmission electron micrograph of the 90° 具 110典 grain
boundary in aluminum. No chevron reconstruction occurs at the
intersection with the free surface.

共1兲

共2兲

Table I shows that relation 共1兲 gives values close to the
minimum location of the Cu and Ni curves in Fig. 4 and in
agreement with the chevron sizes found by electron microscopy on gold. In the case of aluminum, the above relation
shows that no dissociation should occur. This is in agreement
with the Al curve in Fig. 4 and the experimental results. Note
that because of the nature and the construction of the EAM
potentials, there are small discrepancies between the experimental values of ␥ s f and the values calculated with these
potentials. However, when used with the relation 共2兲, both
values lead to the same conclusion.
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TABLE I. Grain boundary and stacking fault energies ␥ gb and
␥ s f . These quantities have been calculated with the interatomic
potentials used in this paper, unless otherwise stated. The chevron
size h has been estimated using Eq. 共1兲 共where no means not stable兲.

VI. CONCLUSION

Cu
Au
Ni
Al
a

␥ gb (mJ/m2 )

␥ s f (mJ/m2 )

␥ gb / ␥ s f

h 共nm兲

625.0
335.0a
1060.0
341.0

44.4
32.0b
125.0
146.0

14.1
10.5
8.5
2.3

2.2
1.7
1.0
no

From Ref. 9.
From Ref. 2.

b

Because the 90° 具 110典 grain boundary is nonperiodic, the
core energy of the intersection of the three interfaces is going
to vary with its position h. This also implies a similar behavior for the two corners at the free surface. The core energies
of the corners lead to the distribution of the  values around
the parabolic curves. Because the absolute position of the
surface with respect to the incommensurate interface structure depends on initial macroscopic conditions, the optimum
size and structure of chevron domains are also going to be
distributed.
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