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Slip-trace-induced vicinal step destabilization
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Gold single crystals were deformed by uniaxial compression tests with the help of an experimental apparatus
that allows one to characterize in situ, by UHV scanning tunneling microscopy, the evolution of surface structures
under stress. It is demonstrated that the slip traces resulting from the emergence of moving dislocations at the
free surface highly modify the organization of the vicinal steps. A model based on energetic considerations is
proposed and discussed to explain the observed phenomenon.
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Understanding the atomic structures at the free surface of
crystalline materials presents a main challenge in conferring
new relevant physical properties to materials, for instance,
in gold crystals, by controlling atomic reconstructions [1]
or nanostructures and using them as templates for the self-
organization of nanoparticules [2-7] or molecules [8—13].
Atomic surface structures are now currently investigated with
the help of scanning probe microscopy. Crystallographic
surfaces exhibit more or less extended terraces separated
by steps at the atomic scale. The width of the terraces is
controlled by the misorientation of the free surface with
respect to the crystallographic structure of the specimen. The
organization of the vicinal steps has been extensively studied
in the past, for instance, the influence of temperature [14] and
crystallographic indexes [15] on gold crystals and the effect
of direct current on step bunching on silicon [16,17]. It has
also been shown that an external applied stress may modify
the reconstruction of the Si(001) surface [18]. On the other
hand, stress may also involve plastic deformation, generally
leading to slip traces at the free surfaces of strained crystalline
materials. Slip traces are produced by the emergence of moving
dislocations [19,20]; their fine analysis and characterization
have proved to be of great interest for a better understanding
of the elementary plastic mechanisms taking place in the
bulk [21,22]. However, while sometimes suggested [23,24],
to the best of our knowledge, experimental work regarding
the interaction of slip traces with vicinal structures is lacking
in the literature. In this Rapid Communication, we report
experimental results obtained on strained gold single crystals.
The evolution of the vicinal steps at increasing plastic strain
is described and discussed in the frame of a model based on
energetic considerations.

Gold single crystals were first prepared in a UHV environ-
ment by a sequence of ion sputtering (0.9 keV) and heating at
approximately 850 K for 5-10 min. After a few preparation
cycles, the (111) surface exhibits vicinal steps, as observed
on Fig. 1(a). It is emphasized that the surface presents a
partial vicinal character. However, it is shown that this partial
vicinal character does not have any significant effect on the
phenomenon described in the following (see Fig. S1 of the
Supplemental Material [25]). The height of the atomic steps
is experimentally found to be 0.24 nm, close to the theoretical
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value of 0.235 nm. The usual herringbone pattern of the (111)
terraces [20,26,27] is present but not visible in the scanning
tunneling microscopy (STM) images displayed in Fig. 1.
The limited quality results from experimental constraints to
achieve in situ STM investigations under straining conditions,
i.e., to capture the evolution of the steps (see Fig. S2 of the
Supplemental Material [25] for postmortem images exhibiting
the usual herringbone pattern with respect to the step structure).
The samples were then mechanically strained using a home-
made experimental apparatus allowing one to investigate
in situ, by UHV atomic force microscopy (AFM)/STM, the
evolution of sample surfaces under increasing stress/strain.
As described in detail in Ref. [28], this setup successfully
combines in situ mechanical compression tests under a
UHYV environment, together with atomic resolution near-field
microscopy at variable temperatures, from 90 to 650 K, at
strain rates ranging from 107 to 1072 s~!. The samples with
a cross section of 2 mm x 2 mm and 6 mm in length were
first deformed at 180 K by a uniaxial compression test along
the [110] direction. From crystallographic considerations, slip
traces are expected to lie along the [011] direction at +-60° from
the compression axis. Slip traces result from the emergence
of individual 1/2(110) dislocations at the free surface of the
sample. The height of a single trace corresponds to the Burgers
vector b component perpendicular to the (111) surface [29];
theoretically, 4 = b - i = a/~/3, with 7 the normal to the
free surface and a the lattice parameter, which for a = 0.408
nm leads to 0.235 nm. In Figs. 1(b) and 1(c) we present
the resulting step structures at increasing plastic strains,
e = 0.24% and 0.29%, respectively. As expected, a few slip
traces are evidenced lying at approximately 58° & 3° from the
compression axis. The slip traces intersect the vicinal steps,
leading to a “checkered” pattern of different atomic levels.
An intersecting point [denoted as X in Fig. 2(a)] between a
vicinal step and a slip trace is surrounded by four terraces at
different atomic levels, hereafter labeled (0), (1), and (2). It
must be noted that two of them are at the same level (1). A
white frame has been superimposed in Fig. 2(a) to highlight
this characteristic surface feature.

Then, the temperature was raised up to 293 K in order
to investigate the evolution of the “checkered” pattern with
temperature. It took approximately half an hour to reach room
temperature. Once the temperature has been stabilized at 293 K
after approximately 1 h, the sample was investigated by STM.
It is observed that the singularity (intersecting point X) has
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FIG. 1. STM images of {111} surface of gold single crystals
deformed along the [110] direction at 7 = 180 K for increasing
macroscopic plastic strain: (a) & = 0.19% (no visible slip trace), (b)
e = 0.24% (one visible slip trace), and (c) ¢ = 0.29% (two visible
slip traces). The open white circle can be used as a marker to position
each image with respect to the others.

disappeared and is now replaced by two curved steps associ-
ated with three terraces at increasing levels only [Fig. 2(b)].
This phenomenon occurs on most of the intersecting points
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FIG. 2. STM images of the step structures under a stress of
approximately 4 MPa (a) at 7 = 180 K and (b) after about 1 h at
T =293 K. A characteristic evolution is highlighted in the white
frame. The intersection between a single-step slip trace and a vicinal
stepis denoted by X. The levels of the surrounding terraces are labeled
(0), (1), and (2), respectively.

[see outside the white frame in Fig. 2(b)]. Moreover, the
phenomenon has been observed on various gold specimens
and at different deformation temperatures; in particular, direct
deformation of the sample at 293 K leads to a similar final
structure after less than 5 min. These experimental results
highly suggest that the initial state is a kinetically limited
structure, and the final state, an equilibrium one. The lower
terrace at level (0) is “filled” near the intersecting point by
gold atoms diffusing along the steps, while gold atoms diffused
away from the intersecting point on the upper level [terrace at
level (2)]. It leads to the coalescence of the two initial terraces
at the same level (1), creating a “bridge” between them. It
is assumed that the energy barrier to detach atoms from the
kinks toward the terrace is high such that the atom density
on the terraces is lower than the one on the steps [30]. As a
consequence, the effect of terrace diffusion can be neglected
compared to the one along the step lines. The scenario is
schematically summarized in Fig. 3.

In our investigations only slip traces related to a single
dislocation were observed. However, a slip trace may also
result from the emergence of several dislocations that are
moving in the same crystallographic plane, such as, for in-
stance, in the case of a Frank-Read source [31]. Consequently,
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FIG. 3. Schematic of the scenario. (a) Vicinal step. (b) Single
trace resulting from the emergence of a single dislocation, which
leads to a “checkered” structure. (c) Evolution of the “checkered”
structure with the increase of temperature. 2, d;, and R; correspond
to the intersecting angle, the minimum distance between the crossing
point X and the curved steps, and the radius of curvature of the curved
steps, respectively (for i = [up or down]).

the height of the resulting slip traces may be proportional to
the atomic step unit. To take into account this latter possibility,
a more general model that includes a multistep slip trace is
first developed. In the following, the structure observed in
Fig. 2(b) is defined by the angle 2« and the distances d;, that
are the angle between the slip trace and the vicinal step, and
the shortest distances between the intersecting point X and the
curved steps i, respectively [see Fig. 3(c)]. With this notation,
2« ranges from O to 7 and for i = [up or down] depending on
the upper or lower atomic levels. It is assumed that each curved
portion can be described by a constant radius of curvature R;.
This assumption will be justified below. From a geometric
point of view, 2¢, d;, and R; are related by

d; 1 —cosa

> = ey

R; cos o
The morphological aspect of various surface structures ex-
perimentally investigated by STM is summarized in Fig. 4.
2« is determined from the initial state (where the intersecting
point is clearly defined), while d; / R; is extracted from the final
state. The d;/R; ratio is presented in Fig. 4(a) as a function
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FIG. 4. Morphological aspect of the step structures. (a) d; /R; and
(b) AS, vs 2c.

of 2« for i = [up or down]. Whatever i, it is observed that
d; / R; continuously increases with increasing 2«¢, in agreement
with the expected behavior predicted by Eq. (1). This supports
the hypothesis of constant radius of curvature for the final
shape of each curved step. In Fig. 4(b), AS = Sy, — Saown VS
2« is shown, where S; are areas [dashed areas in Fig. 3(c)]
defined by

S; = R¥[tanar — at]. 2)

Sup and Sgown characterize the number of outgoing and
incoming gold atoms, respectively. Figure 4(b) gives evidence
that all the observed structures are characterized by AS
values greater than 0. This supports the idea of a diffusion
phenomenon occurring preferentially along the steps instead
of across the terraces for which A S should be zero. Moreover,
it suggests that the diffusion process is more efficient on the
upper step as compared to the lower one. This asymmetric
behavior may be explained by the convex/concave aspect of
the curvature radius and/or a local stress-induced effect.

Let us now consider a vicinal step sheared by a slip trace
resulting from the emergence of n moving dislocations. In
the case of two (or more) involved dislocations, it must be
emphasized that a straight atomic step is still observable in
the middle terrace, as schematically shown in Fig. 5. For
the sake of simplicity, crystallographic effects have not been
taken into account in the following. Likewise, the entropic and
dipolar elastic energies of interaction between steps vary as
1/d? [32,33]. As a consequence, both terms that first amplify
the effect observed in the present work at short distances can
be neglected with respect to the line energy term when d
is of the order of a few nanometers. Finally, it is assumed
that the surface energy is not modified by the morphological
transformation. The energy balance from the surface structures
described in Fig. 5(a) to those in Fig. 5(b) is consequently given
by the following:

forn=1: Y1 ZZaRi <2y Z Ritana, (3)

041405-3



C. COUPEAU et al.

Vicinal
step

/

Slip . n+1
trace '

FIG. 5. Scenario of a slip trace resulting from » dislocations (a)
before and (b) after the destabilization induced by atomic diffusion
along the steps.

forn > 1: Y1 ZZaR,- + Va1 Z R; tano
i i
4)
<y ZR,- tana + y, ZR,- tan o,
i i

where y,, the line energy associated with a step with a height of
n atomic levels. In the case where R; is constant, as suggested
in Fig. 4(a), Eq. (4) reduces to

a < K, tang, )

with K,,, a function of y,. It is found that K; = 1 and K, =
W = Va1 + vu)/@n1) forn > 1.

Forn = 1, Eq. (5) is always fulfilled since 2« € [0,7]. That
is, when a single-step slip trace intersects a vicinal step, curved
steps are expected as the final state, whatever the intersecting
angle, in agreement with the experimental results. It is worth
noting that this phenomenon leads to blurred slip traces, or even
makes them disappear from the free surface. Therefore, in such
a case, it is not obvious to extract from the fine examinations
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of single-step slip traces the elementary plastic mechanisms
taking place in the bulk.

For n > 1, two cases must be considered depending on K,;:

(1) For K,, > 1, Eq. (5) is still always valid whatever 2« €
[0,7], so that curved steps should appear. This corresponds in
particular to the case where y,, > nyy, i.e., when the surface
energy is greater than the associated line energy.

(ii) For K, < 1, a critical angle which can be numerically
calculated does exist below which the configurations with
curved steps are no longer energetically favorable. The initial
“checkered” nanostructure induced by the intersection of a
multistep slip trace, i.e., with two (or more) dislocations, with a
vicinal atomic step will be still observable at a low intersecting
angle.

To conclude, in this Rapid Communication, we reported
experimental results obtained on gold {111} strained single
crystal surfaces. The investigations were performed using a
home-made device allowing us to follow in situ, by UHV
AFM/STM, the evolution of surface nanostructures under
stress/strain. It is demonstrated that a single-step slip trace
(i.e., related to the emergence of a single dislocation from the
bulk) highly modifies the organization of the vicinal steps at
free surfaces. The kinetics of the phenomenon is enhanced by
increasing the temperature, which supports the idea of atomic
diffusion involved in the process. A continuum model has been
proposed to account for the experimental results. Whatever the
intersecting angle between the slip trace and the vicinal step,
the surface evolution is energetically favorable. The model also
predicts the interactions between vicinal steps and slip traces
resulting from several dislocations gliding in the same crystal-
lographic plane (Frank-Read sources). In this case, a critical in-
tersecting angle can be defined below which the configurations
with curved steps are no longer energetically favorable. It de-
pends on the line energies of steps of different height. Beyond
the experimental results obtained on gold single crystals, the
described phenomenon and the proposed model can be both ex-
tended to any materials for which the atomic surface diffusion
is sufficiently active. It is believed that the presently reported
phenomenon will be of particular interest to the materials
science community and will give insight into how a surface can
be structured at the nanometer scale, for instance, to be used
as templates for conferring functional properties to materials.

The authors thank Dr. Y. Nahas for her valuable advice
regarding the {111} gold vicinal surfaces. This work pertains to
the French Government program “Investissements d’ Avenir”
(LABEX INTERACTIFS, Reference No. ANR-11-LABX-
0017-01).
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