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Abstract

We report investigations on gold single crystals carried out with the help of
an original experimental set-up, combining a scanning tunneling microscope
and a compression device under ultra high vacuum, that allows for in situ
observations of stressed surfaces at the atomic scale. It is observed that a
macroscopic compression strain may induce a reorganization of the Au(111)
surface reconstruction, known as the chevron-like pattern. Molecular dynam-
ics simulations using a modified embedded atom method potential have been
carried out to highlight the elementary dislocation mechanisms at the origin

of such an evolution.

Keywords: Surface Reconstruction, Scanning Tunneling Microscopy,

Molecular Dynamics

Many techniques have been developed to achieve periodic patterns at
different scales ranging from approximately ten micrometers to ten nanome-

ters. These include lithographic techniques, focused ion beam spraying or
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ionic spray at grazing incidence. The ultimate step in designing new materi-
als at nano or atomic scale is to now modulate and control atomic surfaces,
such as vicinal steps [1, 2, 3, 4, 5| or surface reconstructions [6, 7, 8, 9, 10, 11,
12]. These surfaces may then be used as specific templates for molecule or
nanoparticle depositions. From this perspective, the Au(111) surface deserves
special attention due to its particular 22 x v/3 reconstruction [13, 7, 6, 14,
known in the literature as a herringbone or chevron-like pattern. This recon-
struction has been of use in the self-organization of molecules [15, 16, 17| or
metallic clusters [18, 19, 20, 21| for applications in nanoelectronics, informa-
tion storage or nanocatalysis [22, 20]. It was also recently shown that single-
strand deoxyribonucleic acid (DNA) deposited on the Au(111) surface could
be an interesting candidate for the integration of DNA into solid nanodevices
[23]. The chevron-like pattern can be influenced by the presence of vicinal
steps and, in particular, it has been suggested that the chevron organization
depends on the faceting of the vicinal steps, {100} or {111} |24, 25|. It has
also been observed, both experimentally by scanning tunneling microscopy
(STM) and numerically with atomistic simulations, that the period of the
herringbone pattern increases with the decrease of the atomic terrace width
[26]. More recently, Chauraud et al. have highlighted a re-organization of the
reconstruction induced by slip traces that result from the emergence at the
free surface of moving dislocations in the bulk [27]. Although the Au(111)
reconstruction has been the subject of extensive studies in the past, only a
few are concerned with the influence of strain/stress on the chevron organiza-
tion. The most significant work on this subject has been proposed by Schaff

et al. [28]. In this study, the authors have strained Au(111)-oriented films



on mica substrates using a bending apparatus. Their STM observations of
the surface have highlighted a clear evolution of the Au(111) reconstruction
under stress, from a 2D herringbone pattern to a 1D configuration. In this
paper, in situ STM investigations of Au single crystals under controlled uni-
axial applied stress have been carried out using the original set-up Nanoplast
[29]. The effect of a macroscopic compression stress on the chevron pattern
is first presented and then discussed in the framework of molecular dynamics
simulations performed at the same atomic scale.

The dislocation network describing the Au(111) reconstruction is pre-
sented in Fig. 1. It consists of partial Shockley dislocations of type 1/6 (112)
(black bold line in Fig. 1). For convenience, the (111) face of the Thompson
tetrahedron is also shown in Fig. 1. The partial dislocation Burgers vectors
correspond to Xo (or 6X) with X = A, B or C. Three variants thus exist due
to the three-fold symmetry of the Au(111) surface. Each pair of partial dis-
locations arises from the dissociation of 1/2(110) perfect edge dislocations.
For instance, the perfect edge CA dislocation is dissociated into Cd and 6A
on the left side of the schematic in Fig. 1, leading to alternating hexagonal
close packed (hcp) and face centered cubic (fcc) stacking areas along the
[011] direction. The partial dislocations are lying along the (112) directions,
parallel and just beneath the free (111) surface at a depth of one atomic level
[30].

When connected together, two pairs of partial dislocations (i.e. of dif-
ferent variants) form the well-known chevron-like pattern. For instance, the
chevron pattern shown in Fig. 1 is related to the connection of the CA =

Cd + JA variant with the CB = C§ + B variant. Note that the Au(111)



Figure 1: Schematic of the Au(111) surface reconstruction. Bold black lines represent
partial dislocation lines. The green and the dotted arrows indicate the line direction and
the Burgers vector of the partial Xd (or §X) dislocations, respectively, in agreement with
the Thompson tetrahedron. The threading dislocations AB and BA are symbolized with
the red L and have a unit line lying along the [111] direction perpendicularly to the free

surface.

intersection of two partial dislocations can lead to a perfect edge dislocation
AB (or BA) lying perpendicular to the free surface (see the red symbols L
in Fig. 1). Contrary to the partials, these dislocations emerge at the free
surface [30] and are henceforth referred to as threading dislocations. Note
that there are only two threading dislocations per unit chevron (see Fig. 1),
so that the dislocation network is not invariant by rotation at 180°. It is
noticed that such a dislocation network was already used to describe {111}
surface reconstructions of other fcc materials [30, 31|, as well as network of
epitaxial dislocations [32, 33, 34, 12]|. From a theoretical perspective, a dislo-
cation can only move in the plane defined by its line and its Burgers vector.

As all the partial dislocations can thus only move in the same plane (the one
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parallel and just beneath the free surface), it is believed that the Au(111)
reconstruction may be stress-driven by the threading dislocations AB and

BA.

Gold single crystals, with a cross-section of 2x2mm? and 6 mm in length,
were first prepared in an ultra high vacuum (UHV) environment (< 1071° mbar)
by sequences of Ar-sputtering (0.9kV) and subsequent annealing at approxi-
mately 850 K for 15 min. The samples were then mechanically strained using
a home-made experimental apparatus that allows investigation, in situ by
UHV STM, of the evolution of sample surfaces under increasing strain. Mi-
croscopy can be carried out with this setup at variable temperature from
90 to 600 K and with uniaxial compression at strain rates between 1075 to
1072571 applied to the sample via two piezoelectric actuators. A more de-
tailed description of the apparatus is provided elsewhere [29]. In this study,
the gold single crystals were deformed at 300 K by uniaxial compression along
the [110] direction, with a strain rate of 7.107 s~

A characteristic STM image of the Au(111) reconstruction after a few
preparation cycles is shown in Fig. 2(a). Vi and V, correspond to two unit
vicinal steps. The hep and fce regions are clearly distinguishable due to the
out-of-plane displacements of 20 + 5pm induced by the partial dislocation
lines (white contrasts in Fig. 2), in good agreement with the literature [6]. It
was shown that the BA (resp. AB) threading dislocations is locally associated
with a significant enlargement (resp. narrowing) of the hcp area [20]. In
addition, the fcc region width is larger than the hep one [6]. These features
allow unambiguous positioning of the characteristic threading AB and BA

dislocations on the Au(111) reconstruction. See the symbols L in Fig. 2(c)



which is an enlargement of Fig. 2(a) (defined by the dotted frame). AB
and BA dislocations are aligned in walls and are labelled by a letter u, v or
w depending on which wall they belong to and by a number 1, 2, 3 or 4 in
reference to their corresponding chevron. For example, chevron 3, highlighted
by a grey line in Fig. 2(c), is composed of u3, v3 and ws threading dislocations.
The length of a unit chevron along the [110] direction, i.e. between the two
walls u and w, is found to be L ~ 29nm and wall v is at equal distance from
walls u and w in the unstressed state.

The same area is shown in Fig. 2(b) after a plastic strain of ¢ = 0.25%
(associated to an external stress 0 = 6 MPa). The single crystal has been
sheared by a dislocation, leading at surface to the formation of a single slip
trace T lying at approximately 60° from the compression axis, as expected
from the crystal orientation. A re-organization of the reconstruction is ob-
served close to the slip trace. It is characterized by U-shape patterns on
the lower part of the step and results from the localized stress field induced
by the step [27]. Molecular dynamics simulations have demonstrated that
this stress vanishes beyond approximately 15 nm from the step [26]. Thus,
it can be assumed that both the vicinal steps and the slip trace have not
affected the chevron-like pattern in the region of Fig. 2 highlighted by the
dotted frame. The enlargement of Fig. 2(b) is presented in Fig. 2(d) for
e = 0.25%. It is shown that the dislocation walls have been shifted in rela-
tion to each other. The distance L between u and w dislocation walls stays
approximately constant, but the unit chevron is now asymmetrical, with the
distance between u and v dislocation walls being now more than twice the

distance between v and w. A close inspection reveals also that the distance in



(c) (d)

Figure 2: STM images of the Au(111) surface (a) before and (b) after plastic strain at room
temperature by uniaxial compression along the [110] direction (e = 0.25%, o = 6 MPa).
An enlargement defined by the dotted grey frame in (a) and (b) is shown in (c¢) and (d),
respectively. Vi and V5 correspond to vicinal steps, T to a single slip trace induced by the
plastic increment. In (c) and (d), the AB and BA threading dislocations are labelled by
black 1 and by a symbol x;, with x = u,v or w and ¢ =1, 2, 3 or 4 referring to the wall
and the chevron that the dislocations belong to, respectively. L is the length of a unit

chevron. The grey line highlights the chevron 3.



(d) (e)

Figure 3: Evolution by molecular dynamics simulations at 300 K of the chevron pattern
as a function of increasing tensile stress oriented at —45° from the [110] direction. For (a)
no external stress, (b) o = 3.4GPa, (¢) 0 = 4.0GPa, (d) 0 = 4.5GPa, (e) 0 = 5.7 GPa.
White arrows in (e) indicate the presence of adatoms or vacancies at the free surface. The
black square represents the simulation box. Atoms are colored according to the number
of first-neighboring atoms: light blue is for the atoms at free (111) surfaces and dark blue
is for the atoms belonging to the partial dislocation lines that separate the hcp to the fcc

areas. The dislocations shown in the schematics are referred to the Thompson tetrahedron

(Fig. 1).



the [112] direction has increased between u; and v; threading dislocations by
approximately 6.5nm and has decreased between v; and w; dislocations by
less than 1.2nm. The distances between threading dislocations in every wall
u, v or w stay constant, meaning that the new chevron organization seems
to have taken place everywhere in the region of interest. Note also that
the chevron-like pattern may experimentally exhibit some surface defects or
imperfections that could locally influence the dislocation organization. In
Fig. 2(d) the new organization might be initiated in the lower part of the
image, but the defect locally disturbs the dislocation line so that it appears
curved around the defect instead of straight.

From a theoretical perspective, the re-organization of the chevron-like
pattern can be explained by the collective displacement of the BA /AB thread-
ing dislocations under stress. A perfect edge dislocation (like AB and BA)
can move in a direction either parallel (gliding mechanism) or perpendicu-
lar (climbing mechanism) to its Burgers vector [35]. Taking into account
the orientation of the loading axis with respect to the Burgers vectors of
AB and BA dislocations, the Schmid factor is equal to zero according to
the elastic theory of dislocations [35]. As a consequence, no gliding force is
expected to act on the dislocation line. A misorientation of the mechanical
external compression axis with respect to the crystallographic [110] direction
may consequently explain the significant gliding of the threading dislocations
observed in Fig. 2(b). Dislocation climb requires atomic diffusion, is there-
fore temperature dependent [35] and is usually considered as a mechanism
less easily activated than dislocation glide. Although there is no evidence

of atomic diffusion at the surface of the Au single crystal, climb could be



involved in the displacement of the threading dislocations and might explain

their new positions in Fig. 2(d).

Molecular dynamics simulations using the LAMMPS code [36] have been
carried out to study the influence of an external stress on the Au(111) re-
construction and describe how the displacement of BA/AB threading dis-
locations can drive the evolution of the herringbone pattern. Interactions
between Au atoms are described by the second-nearest-neighbor modified
embedded atom method (2nn-MEAM) potential parameterized by Lee et
al. |37] and improved by Ryu et al. [38|. Three parameters describing the
MEAM potential were adjusted to describe the 22 x v/3 reconstruction of
Au(111). All the modifications of the interatomic potential are described
in a previous work [26]. Visualization of the atomic configurations is made
using the Open Visualization Tool (OVITO) [39].

The method of building the chevron pattern is given in the Supplementary
Material. Once the atomic configuration has been relaxed by a conjugate gra-
dient algorithm, it is thermalized at 300 K for 300 ps, with a pressure main-
tained at a value of 0 GPa on the simulation box, by molecular dynamics
simulations using the Nosé-Hoover thermo-barostat (NPT thermodynamic
ensemble) and a time step of 1fs. Periodic boundary conditions along [110]
and [112] directions and free surfaces with normal direction [111] are consid-
ered. The initial structure (i.e. with no external stress) is shown in Fig. 3(a).
As described previously, the BA (resp. AB) dislocations are located where
the hep area is enlarged (resp. narrowed) [20]. The length of the chevron is
equal to L= 25.5 nm, in agreement with values typically observed through

STM.
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The atomic configuration is mechanically loaded by applying to the simu-
lation box an uniaxial tensile stress o at —45° from the [110] direction, leading
to a maximum glide force 0b/2 on AB/BA dislocations, with b the magnitude
of the Burgers vector. The climb force is not zero and takes an intermediate
value also equal to ob/2. But, in tension, dislocation climb implies exchange
of atoms from adatoms covering the surface into the surface layer, and, in our
simulation, it should hardly be activated owing to the absence of any reser-
voir of atoms. Therefore, the loading condition considered in the simulation
aims at investigating how the herringbone pattern is modified by the only
glide of threading dislocations. To implement the desired loading conditions,
the configuration is elongated in the tension direction by a strain ¢ > 0 and
contracted in the perpendicular direction by a strain —ve, with v = 0.547 the
Poisson ratio computed from the elastic coefficients values C7; = 203.5 GPa,
C1o = 169.3 GPa and Cyy = 42.5 GPa in the perpendicular direction. The
uniaxial stress is given by ¢ = Fe, with £ = 88 GPa. A molecular dynamics
simulation is then performed at a strain rate ¢ = 3.10®s~! and at 300 K using
a Nosé-Hoover thermostat (NVT thermodynamic ensemble).

The evolution of the chevron-like pattern is presented in Fig. 3(b)-(e) for
increasing mechanical stress at 300 K. The BA and AB dislocations first glide
along opposite directions, due to their opposite Burgers vectors (Fig. 3(b) at
o = 3.4GPa). The AB dislocation moves consequently towards the 6C par-
tial dislocation, constricting the hep region. For convenience, schematics have
been added to highlight the dislocation mechanisms. At o = 4.0 GPa, once
AB dislocations have intersected dC dislocations, they dissociate into two AC

and CB threading dislocations which connect Ad and B¢ partial dislocations
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to 0C ones, respectively. Such a mechanism allows the hcp regions to locally
disappear producing two hcp arms that are free to move according to the
degrees of freedom of AC and CB dislocations located at their extremities
(Fig. 3(c)). These two newly created threading dislocations have a non zero
Schmid factor. They glide along their slip direction and a CB dislocation of
one chevron recombines with the AC dislocation of the upper one (Fig. 3(d))
to restore AB dislocations. These elementary plastic mechanisms lead to the
shearing of the chevron configuration and contribute to the lengthening of
one arm of the chevrons with respect to the other. Additionally, it shows
that the chevron pattern evolution results only from the glide of threading
dislocations and that dislocation climb is not required to be activated. Fi-
nally, increasing the stress up to ¢ = 5.7GPa (Fig. 3(e)) allows a second
shearing of the chevrons to occur, similar to the first in terms of dislocation
glide, dissociations and recombinations. AB dislocations resulting from this
second step annihilate with BA dislocations. The final pattern is thus com-
posed of straight partial dislocations lying along the [211] direction, with no
more threading dislocations AB or BA at the free Au(111) surface. As AB
and BA are not exactly gliding in the same plane along the [110] direction,
their annihilation results from climbing and produces adatoms and vacancies

at the surface of the crystal (see the white arrows in Fig. 3(e)).

Scanning tunneling microscopy investigations have highlighted that an
external applied stress can modify the Au(111) reconstruction by moving the
threading dislocations. Molecular dynamics simulation has confirmed that
the threading dislocations are mobile under stress, driving the subsurface

partial dislocation network. It has been shown that the chevron-like pattern
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can be modified to an assymetrical configuration, only by considering glide,
dissociation and recombination of the threading dislocations, without the
need for their climb. The stress at which this evolution occurs is found to
be several decades higher in the simulation than in experiment, because of
the very high value of the strain rate that is usually required in molecular
dynamics simulations. The annihilation of all the threading dislocations
is numerically found at high stresses leading to a periodic pattern of hcp
stripes aligned along the [112] direction, but has not been experimentally
observed on our gold single crystals. It may be explained by too many
defects at the free surface, such as imperfections, contaminations, vicinal
steps or slip traces, that may locally disturb the expected pattern or by
plastic relaxation of the Au single crystal that prevents the applied stress to
be high enough. It should be said, however, that similar periodic pattern
over a large area has already been obtained in the past on strained mica
wafers coated by gold thick films on which the density of defects looks very
small [28]. It is believed that the presently reported phenomenon gives new
insight into how an atomic reconstruction can be modulated and controlled
by nanomechanical engineering, in order to be further used as a template for

conferring new functional properties to materials.

Supplementary Material

See the supplementary material in which a description of the method of

building the chevron pattern is given.
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