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Abstract. The interaction between vicinal atomic steps and slip traces — straight
monatomic steps produced on a crystal surface by the emergence of dislocations — is
experimentally investigated and compared to Monte-Carlo simulations. Near the point
of apparent crossing between a vicinal step and a slip trace, a checkered three-level
surface relief configuration is formed, with two new combinatory steps that borders the
opposite highest and lowest terraces. This configuration is unstable with respect to an
anticrossing effect which consists in the formation of a nanometer scale bridge that
separates the regions with the highest and lowest levels and connects the opposite
regions of equal level. It is shown that such an anticrossing effect is a general
phenomenon observed on various crystal surfaces, from metals to semiconductors. The
anticrossing kinetics was experimentally investigated on the Au(l111) surface by
scanning tunneling microscopy under ultra-high vacuum. It is observed that the bridge
width increases with time according to the power law with exponent f = 0.45 £ 0.01, i.e.
significantly smaller than for the single-particle diffusion (8 =0.5). Monte-Carlo
simulations were performed in order to clarify the involved atomic diffusion
mechanisms. In particular, the competition between two microscopic mechanisms of the
bridge formation is discussed, i.e., the adatom diffusion along the combinatory steps

versus across the bridge from the uppermost to the lowest terrace.
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1. Introduction

Atomic steps at crystal surfaces are the basic morphological elements that determine the
mechanisms of crystal growth, sublimation, wet or gas etching and other
technologically important processes [1]. Well-prepared vicinal crystal surfaces, which
are misoriented from a singular crystallographic face, exhibit regular sets of atomically
smooth terraces separated by ‘vicinal’ steps of monatomic height, with the width of
terraces determined by the misorientation angle [2,3]. Another type of atomic steps is
caused by the dislocations emerging at the free surface [4,5], which may be inherited
from a substrate under epitaxial growth or introduced due to the relaxation of external
mechanical stresses. These latter steps are called slip traces as long as their directions
are characteristic of the gliding of dislocations in their crystallographic planes [6-12].
Various phenomena on crystal surfaces involving each type of these steps were
extensively studied and well understood. The formation of step-terraced morphology,
step bunching and anti-bunching phenomena induced by the interaction of vicinal steps,
electric current or adsorbates were studied on various semiconductor and metal surfaces
[2,3,13-15]. On the other hand, scanning probe microscopy of dislocation-induced slip
trace structures at free surfaces proved to be an effective tool for studying various
phenomena associated with dislocation behaviour in crystals, such as partial splitting of
screw dislocations [5,7], as well as plastic relaxation processes at nanoscale level under
nanoindentation [8-11]. Misfit dislocations and dislocation-induced atomic steps are
responsible for the formation of the well-known ‘cross-hatched’ relief patterns of
mesoscopic heights on the surfaces of epitaxial films grown on the mismatched
substrates, which can be seen by an optical microscope or even with a naked eye [16].
However, vicinal and slip steps of monatomic height were not clearly observed
simultaneously until a recent study on a smooth gold surface [17]. This latter study was
performed by means of an original experimental apparatus, ‘Nanoplast’, allowing to
examine surface morphology evolution by atomic force microscopy or scanning
tunnelling microscopy under ultra-high vacuum environment during in sifu straining
experiments performed over a large range of temperatures (90 to 600 K) [18]. The
‘Nanoplast’ apparatus provides a decisive step forward in studying elementary plastic
relaxation processes due to the opportunity to observe directly the in situ evolution of

slip traces produced, under increasing controlled strain, by newly born dislocations. In



particular, the crystallographic path followed by only one screw dislocation in Nb
crystals has been recently studied [12]. This apparatus also made it possible to observe
for the first time, under external stress, the regular arrays of both vicinal steps and slip
traces on Au(111) surface [17].

Simultaneous observations of vicinal steps and slip traces enable us to clarify an
old question about the crossing of atomic steps on a crystal surface. According to the
theoretical considerations by Nozieres [19], atomic steps cannot cross. Indeed, if one
supposes that two atomic steps cross, a checkered three-level relief configuration is
created with the highest and the lowest regions being opposite to each other and
different in height by two monolayers, while the other two opposite regions are of equal
intermediate height. To keep a valid definition of a monatomic step that separates two
surface regions which differ in height by one monolayer, two initial intersecting steps
should be redefined by exchanging their ends into two new ‘combinatory’ steps with
abrupt turns at the point of contact. This configuration with the touching angles of
combinatory steps is unstable because the atomic diffusion along the steps or from the
highest region to the opposite lowest region leads to an effective repulsion of the new
steps and formation of an ‘anticrossing bridge’ that connects the two opposite regions

with the intermediate height level.

For vicinal crystal surfaces, Nozieres reasoning seems purely theoretical because
vicinal steps never cross each other. They can only touch and, thus, form steps of
multiple heights or step bunches. In contrast, slip traces result from the dislocation
gliding in specific crystallographic planes [20]. Slip traces are, thus, aligned along
certain crystallographic directions and can cross vicinal steps. An apparent intersection
of a monatomic vicinal step and a slip trace makes it possible to confirm the Nozieres
theoretical idea and to experimentally explore the anticrossing configuration. In
particular, Coupeau et al. observed, for the first time, the formation of a checkered relief
structure and an anticrossing bridge resulting from the crossing of a single slip trace and
a vicinal step on Au(111) surfaces [17]. A similar interplay between vicinal steps and
slip traces was observed on the smooth vicinal surfaces of GaAs/AlGaAs structures
bonded to glass, due to the partial plastic relaxation of thermo-mechanical stresses

under annealing in quasi-equilibrium conditions [21].



Although the coexistence of vicinal and slip steps was experimentally
demonstrated and the formation of anticrossing configuration is now qualitatively
explained on Au(111) and on GaAs(001), a quantitative description of this phenomenon
is still lacking, and a number of basic questions remain open. The main questions are
related to the bridge width kinetics and to the involved microscopic mechanisms leading
to the formation of anticrossing relief configuration. In particular, the anticrossing
configuration can be formed by ‘smoothing’ abrupt turns of the combinatory steps due
to the atomic diffusion along the steps (step diffusion mechanism, SDM). Another,
‘recombination” mechanism (RM) consists in the atomic diffusion between the
combinatory steps, across the bridge, from the uppermost to the lowest terrace. This
diffusion leads to effective step repulsion and to the broadening of the bridge at the
intermediate level. The question is, which of these two mechanisms, SDM or RM, plays
a dominant role in the formation of anticrossing configuration? This question can be
answered by an experimental study of the bridge width kinetics and by comparing the
results to a theory that accounts for both mechanisms, but experimental and theoretical
data on the kinetics have not been available in literature so far.

As the bridge formation is due to surface diffusion, one may assume that the

~ "2 with an

bridge width w would be proportional to the square root of time w
‘effective’ diffusion coefficient. A more careful analysis should take into account that,
in the process of bridge formation, atoms should diffuse to distances which increase
with time and step curvature radii. Therefore, similar to the relaxation of macroscopic
relief features [1,22,23], a bridge width kinetics with a power smaller than %2 might be

expected.

This paper is aimed at answering these questions by means of combined
experimental investigations of the anticrossing configuration kinetics on strained
Au(111) single crystals by UHV-STM and Monte-Carlo simulations. The results
enabled us to clarify the microscopic mechanisms of the step interaction and to obtain
the parameters that determine the kinetics of anticrossing bridge width formation on the

Au(111) surface, such as diffusion activation and lateral bond energies.



2. Methods
2.1 Experimental

The Au single crystals of nominal section 2x2 mm? and 6 mm length were
prepared by Surface Preparation Lab [24]. The Au(111) surfaces were first oriented
with an accuracy better than 0.1°. After a chemical/mechanical polishing up to a Rms
roughness lower than 30 nm, the Au(111) surface was prepared under the UHV
environment (<107’ mbar) by repeated cycles of Ar ion bombardments (0.9 kV) and
annealing at 850 K for 10 min. As expected, after a few cycles, the surface exhibits
atomically flat {111} terraces separated by the vicinal steps of height hy = 240 £+ 10
pm, close to the theoretical value of 235 pm. The samples were then mechanically
strained in UHV conditions at low temperature 7= 180 K and heated up to room
temperature (RT) using a home-made experimental device allowing us to characterize,
by UHV-STM, the in situ evolution of surfaces under increasing controlled strain (see
[18] for details). The uniaxial compression was applied along the [110] direction. From
crystallographic considerations, the {111}<110> slip systems are expected to be
activated in gold single crystals [7], with slip traces lying along the [011] and [101]

directions at the Au(111) surface, i.e. at + 60° from the compression axis. It is recalled

-

that the height of a single trace corresponds to the Burgers vector b component

perpendicular to the surface. Theoretically, ht = b.7t = % = 0.235 nm, where 1 is the

normal to the free surface and a =0.408 nm is the lattice parameter for gold. It is
noticed here that a single trace, i.e. a trace related to the emergence of only one perfect

dislocation, has the same height as a vicinal step.

2.2 Monte Carlo simulations

The Monte Carlo simulations of the surface smoothing and step-terrace
morphology formation were performed on the Kossel crystal in the standard solid-on-

solid (SOS) model [25]. The complex processes of mass transfer on a real reconstructed



Au(111) surface are replaced by a random walk and attachment/detachment of Au
atoms. The atoms are allowed to hop to adjacent free sites on a terrace, to incorporate
into a step or to leave a step. The probability P (per second) of each event is determined

~E/KT where vo ~ 103

through the activation energy E of the respective event, P = vye
Hz is the Debye frequency, k is the Boltzmann constant, and 7 is the temperature. The

energy E for the atomic surface diffusion is given by:

where Eq is the adatom diffusion activation energy, Ey is the binding energy, N; and Nt
are the lateral bond numbers of the atom before and after the hop, respectively and O(N)

is the step-like function equal to one for N; > Ny or zero otherwise.

The desorption was neglected in agreement with the relatively low temperature of
our experiments (close to or lower than room temperature). The computer program used
earlier [26] was further developed in order to speed up the calculations. In particular, a
reverse calculation algorithm was introduced. This algorithm consists in (i) computing
the probabilities of all possible events, (ii) randomly selecting the events taking into
account their probabilities, and (iii) updating the affected event probabilities and
repeating step (ii). The reverse algorithm allowed us to increase the calculation speed by
one or two orders of magnitude and, thus, to simulate processes on areas equal to

experimental ones within a reasonable time.

In the simulations, the lattice constant of the Kossel crystal ap was set equal to the
monatomic step height at the Au(111) surface, ~v = 0.235 nm. The size of the simulated
box L was in the range of (240-480) ao, i.e. (56-112) nm. To keep the number of atoms
constant, two different boundary conditions were used. For the periodic boundary
conditions, each adatom that diffuses outside a simulated box boundary appears at the
opposite boundary. For the infinite barrier boundary conditions, the adatom diffusion
across the boundaries was forbidden. We proved that the results do not significantly
depend on both the box size and the boundary conditions for L =240 ao. In particular,
under the increase of the box size L from 240 ao to 480 ao, the bridge width increases

only by less than 2% for both types of boundary conditions.



3. Results and discussion

The basic features of the interaction between vicinal steps and slip traces are
illustrated in Fig. 1 by the UHV-STM images of the Au(111) sample, which were
measured after plastic deformation at low temperature 7= 180 K (Fig. 1a) and after a
subsequent one-hour anneal at room temperature (Fig. 1b). Prior to deformation, the
surface exhibited atomically flat terraces separated by curved vicinal steps of
monoatomic height 0.235 nm labelled from V; to V7. The plastic strain of g, = 0.29%
leads to the appearance of straight vertical slip traces labelled T1 and T, which lie in the
[011] direction and cross the vicinal steps. In this case, the crystal shearing by a
dislocation corresponds to the uplift of the material on the right side of the slip trace by
an amount of 0.235 nm. Thus, as expected, here the slip traces, which are, essentially,
the dislocation-induced monatomic steps, have the same height as vicinal steps. This

height corresponds to the Au crystal period in the direction normal to the (111) surface.

At first glance, the sets of curved vicinal steps and straight slip traces in Fig.la
look like seemingly independent, with each vicinal step and slip trace apparently kept
intact. However, a more careful analysis of the resulting relief proves that the
introduction of slip traces leads to a radical reorganization of the atomic step system,
with the formation of new combinatory steps from the former vicinal steps and slip
traces. Indeed, as it is seen in Fig. 1a, a ‘checkered’ relief is formed near each crossing
point. This specific relief is characterized by four terraces around the crossing point, at
three sequential atomic levels labelled 0, 1 and 2, as highlighted in the white frame near
the intersection between V¢ and Ti. The lowest and the highest opposite terraces differ
in height by two monolayers, while the other two opposite terraces are at the same
intermediate level. Despite intuitive considerations of step lines ‘continuity’, due to the
crossing, neither the initial vicinal steps, nor the slip traces can be anymore considered
as atomic steps in the conventional definition, which implies that a monatomic step
separates two adjacent terraces with the difference in height equal to one monolayer.

Instead, new ‘combinatory’ atomic steps, with sharp angles at crossing points, are



formed, by exchanging the ends of the former steps. The segments of two new
combinatory steps Co and C> near the intersection between Vg and T are highlighted by
dotted and dashed white lines, respectively. The combinatory step Co borders the lowest
terrace of the checkered relief and consists of the left part of V¢ and the upper part of Ti,
while C> borders the highest terrace and consists of the right part of V¢ and the lower

part of Ty.

At low temperatures 7 < 180 K, the checkered surface relief with the touching
angles of the new combinatory steps (Fig. 1a) did not significantly evolve for more than
one hour. In contrast, at higher (room) temperature, such a structure was shown to be
unstable and evolved to the structure that is shown in Fig. 1(b), with curved
combinatory steps and a few nanometers wide ‘bridge’ that separates the lowest and
highest terraces and links the opposite terraces with the same intermediate atomic level
[17]. This evolution, which is likely caused by the atomic diffusion along the steps and
from the highest to the lowest terrace, is called the anticrossing phenomenon in the
following. It is clearly seen in Fig. 1b that the anticrossing occurs everywhere on the
sample surface. In Fig. 1(b) the combinatory steps Co and C are highlighted throughout
the whole image in order to visualize the formation of staircase of twisted combinatory
steps, with each step consisting of interleaving curved segments of former vicinal steps

and relatively straight vertical segments of former slip traces.

We showed experimentally that the anticrossing behavior is a universal
phenomenon occurring in a large variety of materials, from simple and compound
metals (see Fig. 2a, b and ¢ for Au and Ni3zAl) to semiconductors (see Fig. 2d for GaAs).
A similar step pattern was experimentally evidenced on rock salt as well [27]. Figs. 2a
and 2b show a zoomed STM image of an anticrossing bridge formed on the Au(111)
surface and a characteristic profile across the bridge along the dashed line. The image
and the profile highlight the three sequential atomic levels of the resulting terraces. The
image of the anticrossing configuration on the NizAl(111) surface shown in Fig. 2¢ was
obtained in the same UHV-STM set-up, in the course of an experiment similar to that
performed on Au(111). In Fig. 2c, the heights of both the vertical slip trace T and the
inclined vicinal step V are equal to 0.208 nm, i.e. to the period of Ni3Al in the [111]

direction.



Checkered relief configurations around multiple intersections between monatomic
curved vicinal steps (labelled Vi-V3) and straight slip traces (T1-T3) are clearly seen in
the topographical image of the GaAs(001) surface (Fig. 2d). The image was taken by
atomic force microscopy (AFM), after the one-hour anneal of a glass-bonded
GaAs/AlGaAs heterostructure at relatively high temperature 7= 820 K [21]. The AFM
measurements were done on the equipment of CKP "Nanostructures" (Novosibirsk).
The height of all steps in Fig. 2d is equal to the period of GaAs in the direction normal
to the (001) plane (=0.28 nm), i.e. corresponds to the Ga-As bilayer thickness in this
direction [21]. Unlike the uniaxial deformation applied to Au(111) and NizAI(111)
samples [17,18], the partial relaxation of thermo-mechanical biaxial stress in the
GaAs/AlGaAs heterostructure led to the formation of a rectangular grid of slip traces
oriented in the [110] and [110] directions. As a result, along with the checkered relief
configurations due to the intersections of the slip traces with vicinal steps, checkered
configurations are formed due to the intersections of mutually orthogonal dislocation-
induced steps with each other; two of such configurations corresponding to the
intersections between T3 with Ty and T» are clearly seen in the right part of Fig. 2d. It is
also seen in Fig 2d that, in contrast to the slip traces on Au(111) (see Fig. 1), the signs
of two parallel slip traces T1 and T> are opposite: when going from top to bottom, trace
T corresponds to the uplift, while T> corresponds to the lowering of the next terrace.
The adjacent dislocation steps may have the opposite signs because, in GaAs, the
dislocation loops, which are introduced in the (111) and (111) planes, have opposite
signs of the Burger's vector normal component and, thus, produce parallel slip steps of
the opposite signs on the GaAs(001) surface. Therefore, on GaAs(001), the dislocation
steps form a set of orthogonal stripes with non-monotonically interleaving lower and
higher lying terraces [21]. Such morphology is in contrast to a fragment of a vicinal
surface with a certain sign of the misorientation angle, on which the vicinal step steps
have the same sign and, thus, form a monotonically descending (or ascending) staircase.
It should be noted that the lateral AFM resolution was by an order of magnitude lower,
compared to the UHV-STM resolution of Au(111) and NizAl(111) images shown in
Figs. 2a and 2c, respectively. Consequently, anticrossing bridges are not clearly seen in

Fig. 2d. At higher annealing temperatures, the bridges on the GaAs(001) could be



observed [21], but still not so clearly compared to the UHV-STM images of Au and
NizAlL

It should be noted that, although the anticrossing phenomenon is proved to be a
universal phenomenon, on semiconductor surfaces it occurs at much higher
temperatures than on metal surfaces; in particular, at 7 ~ 800-900 K on GaAs [21]
versus 7'~ 300 K on Au [17]. A likely explanation consists in relatively small values of
metallic bonds and diffusion activation energies that facilitate surface diffusion, in
contrast to semiconductor surfaces with higher bond and diffusion activation energies,
covalent dangling bonds and unscreened surface potential undulations that hinder

diffusion at low temperatures.

The kinetic evolution of a characteristic checkered structure measured by UHV-
STM on the Au(111) surface at 7=297 K is shown in Fig. 3. The slip trace (resp. the
vicinal step) is labelled T (resp. V). Despite quite low lateral resolution in Fig. 3a
induced by the high scanning rate needed to catch the anticrossing kinetics, the
sequence of the images, which were taken at various durations after the dislocation
emergence, clearly evidences the growth of the bridge. A well-known Au(111)
reconstruction, called herringbone or chevron-like pattern [28-31], is seen in Fig. 3c
(see the area on the right terrace on which the contrast has been enhanced). It is also
seen in Fig. 3c that the segments of the combinatory steps, which originated from slip
trace T, remained atomically straight. In contrast, the upper segment of the right-side
combinatory step, which originated from the vicinal step, is not straight and contains

clear ledges, presumably corresponding to kink bunches.

The bridge width w was extracted from the UHV-STM images by approximating
the curved steps by arcs with a constant curvature radius. The time-dependence of w is
shown in Fig. 4 in the double log scale for two experiments at 7= 297 K (circles) and
T =278 K (triangles). The experimental data at 297 K (resp. at 278 K) correspond to
crossing angle 2a = 60° (resp. 2a = 48°). Here, 24 is defined as the angle between the
slip trace T and the vicinal step V on the middle terrace of level 1 (see Fig. 3c). The
error was estimated by measuring the widths of various bridges observed in the STM
images. It is seen that, in both experiments, the bridge width logarithm In(w) evolves

approximately linearly with In(7), and this evidences a power dependence w(f) ~ f®.
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We performed Monte Carlo simulations (MCS) of anticrossing bridge formations
in order to elucidate the involved mechanisms. The simulated kinetic evolution of the
checkered structure is shown in Fig. 5. The initial checkered configuration resulting
from the crossing between a slip trace and a vicinal step at 2a = 60° is shown in Fig. 5a.
Note that the slip trace is perfectly straight due to its singular orientation, while the
inclined vicinal step, which is misoriented from the singular direction, contains atomic
size kinks. The simulated evolution of the checkered relief after annealing at room
temperature 7 =297 K is shown in Figs. 5b-d for the increasing annealing time. It is
evidenced that the initial checkered configuration with the touching angles of new
combinatory steps is unstable, and the anticrossing configuration develops as a result of
the annealing. As expected, the bridge width monotonically increases with the annealing
time. It can be seen that, at least at the initial stage of the bridge formation, the slip trace
remains nearly straight (Fig. 5b) or evolves into a regular array of straight (vertical)
segments separated by monatomic kinks (Fig. 5c). In contrast, the vicinal step segments
acquire a noticeable roughness. Such a roughness apparently stems from a kink ripening
on the vicinal segments, not observed on the slip trace segments due to their initially

straight character.

The comparison of experimental UHV-STM images shown in Fig. 3 with the
simulated images in Fig. 5 proves that the MCS qualitatively describes the kinetics of
anticrossing configuration. In order to perform a quantitative comparison, elucidate the
relevant microscopic mechanisms and determine the model parameters, we compared
the experimental and simulated kinetics of the bridge width w(f). To extract the bridge
width from the simulated images, similar to the experimental procedure, the
combinatory steps were approximated by arcs in the vicinity of anticrossing, as shown
with the dashed lines in Fig. 5d. The shortest distance between the arcs, that was
averaged over 64 anticrossing simulations with the same parameters, was taken as
bridge width w. The experimental kinetics measured at 297 K and 278 K was best-fitted
by MCS with the same set of model parameters. The simulated kinetics w(t) are shown
in Fig. 4 with the solid lines. It can be seen that the experimental and simulation kinetics
agree reasonably well. The departure of one point of the 297 K kinetics outside the error
bar can be hardly treated as a significant deviation of the experiment from the

simulation, although, keeping in mind the simplicity of the model, the deviations might

11



be expected. In the double log scale, the kinetics are approximated by straight lines,
which correspond to a power dependence of the bridge width on time as w(t)~tf. In
the simulations, the diffusion activation energy was first fixed and taken from literature
Eq=0.4 eV [32,33], while the fitting parameter (lateral bond energy) turned out to be
Ex=0.204 £ 0.001 eV. For the kinetics measured at 7 =278 K, additional simulations
with Ep, deviated from the best fit value by only + 0.005 eV proved that the resulting
simulated kinetics are shifted by about + 20% from the experimental kinetics. This shift

demonstrates the high sensitivity of the fitting procedure to the model parameters.

It should be noted, however, that it is not possible to determine definitely both Eq4
and Ep by fitting the experimental kinetics with MCS. More specifically, the deviation
of the simulation curve from the experiment, which is caused by changing the lateral
bond energy Eb, can be compensated by an appropriate change in the diffusion
activation energy Eq. The description of the bridge width kinetics is, therefore, a one-
parameter rather than a two-parameter problem. In other words, the experimental
kinetics can be successfully approximated by simulations with various, but strongly
correlated pairs of Eq and Ey. The plot of En(E4) corresponding to such pairs calculated
for 2a = 60° is shown in Fig. 6 by circles. It is seen that the dependence Ey vs. Eq is well
described with a straight line. Along this line, the variations of the X criterion were
below 2%. In an attempt to determine both Eq and E, separately, we tried to use
experiments with different intersection angles 2a. However, it turned out that the
correlation of Ep vs. Egq does not depend on the intersecting angle 2a, since no
significant change is observed in the nearly extreme cases of ultimately small 2a = 15°

(dotted line) and large 2a = 165° (dashed line) angles.

It is seen in Fig. 4 that the experimental and simulated kinetics are well

approximated by a power dependence w(r) ~ ¢# . The magnitude of the exponent [ as a

function of Eq is shown in Fig. 6 by triangles. It can be seen that £ does not depend on
Eq and is equal to B=0.45+0.01. This value is distinctly lower than [=0.5,
characteristic of a single particle diffusion [1]. This lower value of f may be related to
the increase with time of the distance at which atoms should diffuse in order to form an
anticrossing bridge. Similarly, it is known that the amplitude of macroscopic relief

waves evolves towards flat surfaces by massive surface diffusion as #'/# [1,22]. Thus, in

12



our case of surface diffusion that forms a two-dimensional anticrossing relief
configuration, exponent f turns out to have an intermediate value between those
characteristic of the single particle diffusion and the relaxation of 3D macroscopic relief

features.

The anticrossing bridge can be formed by two distinctly different microscopic
mechanisms, which are schematically illustrated in the 3D inset in Fig 7a. The first
mechanism consists in the detachment of atoms from the highest terrace, their diffusion
across the middle terrace and incorporation into the lowest terrace. In the inset, the
direction of the overall diffusion flux corresponding to this mechanism is shown by the
double solid arrow. Thus, the bridge is formed due to the recombination of the atoms
originating from the upper terrace with the vacant atom positions at the lower terrace; in
the following, this mechanism is referred to as ‘recombination mechanism’ (RM). The
second, step diffusion mechanism (SDM) consists in a one-dimensional atomic
diffusion along each combinatory step, which also leads to blunting of the initially sharp
combinatory step corners (near the former intersection point) and, therefore, to bridge
broadening. Specifically, SDM consists in the detachment of atoms from the corner of
the upper combinatory step, their diffusion along the step and incorporation into the
same step at some distance away from the corner. In the inset, the direction of the
overall diffusion flux corresponding to SDM is shown by the dashed arrow. Similarly,
at the lower terrace, the diffusion of atoms from the periphery towards the corner (not
shown) leads to blunting of the lower combinatory step corner and contributes to the
bridge widening. This latter process can also be equivalently described as vacancy

diffusion away from the corner.

The simulated bridge width kinetics w(#), that well reproduces the experiment at
T =278 K and takes into account both RM and SDM, is shown in Fig. 7a with the circle
dots. The bridge width evolution wspm(?) simulated for the same model parameters, but
for the pure step diffusion mechanism, is shown in Fig. 7a with the triangular dots. In
this latter simulation, the recombination mechanism was artificially suppressed with the
help of forbidding atom transfer from the middle to the lowerst terrace through the

lower combinatory step by setting an infinitely high Schwobel barrier [34].

13



The ratio of SDM contribution wspwm(?) to the total bridge width w(z), that takes
into account both mechanisms, is shown in Fig. 7b. It is seen that, at # ~ 2 min, the step
diffusion mechanism contributes approximately one-third to the total bridge width, and
then the SDM contribution monotonically decreases with time down to one-forth at
¢t = 30 min. One would expect that, with the increase of bridge width, the effectiveness
of the recombination mechanism, which involves atomic diffusion across the bridge,
should decrease. However, this expectation is in contradiction with the observed
decrease of the ratio w/wspm with time (Fig. 7b). This fact is in accordance with the
notably smaller exponent = 0.37 for the SDM kinetics (see Fig. 7a), as compared to
the total width kinetics (f = 0.45). An explanation of this apparent contradiction is that
the SDM effectiveness also decreases with time due to the increase of curvature radii of
the combinatory step corners. In the limiting case of infinitely large radii corresponding
to straight steps, the SDM contribution to the bridge width kinetics is zero. Thus, the

decrease of the SDM contribution is faster than the decrease of the RM contribution.

Conclusions

The interaction of vicinal steps and dislocation-induced steps (slip traces), which
leads to the anticrossing relief configuration, is shown to be a universal phenomenon
observed on the surfaces of a large variety of materials, such as smooth step-terraced
vicinal surfaces of simple (Au), compound (NizAl) metals or semiconductors (GaAs).
The intersection of a vicinal step with a slip trace results in the formation of a checkered
relief configuration consisting of four atomic terraces positioned at three different levels
around the crossing point. The uppermost and the lowest terraces are bordered by new
angular-shaped combinatory steps. Each combinatory step consists of segments of a
former vicinal step and a former slip trace. This configuration with the touching angles
of combinatory steps is unstable and, due to diffusion processes, an anticrossing bridge
grows. The bridge connects the opposite terraces with the same intermediate level and
separates the uppermost and lowest terraces. The kinetics of the anticrossing bridge
formation was investigated by UHV-STM on the Au(111) surface and compared to the
Monte Carlo simulations. It is shown that the bridge width kinetics is described by a

power law dependence w(t)~t# with the exponent B=0.45+0.01, i.e. significantly
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lower than the value 8= 0.5 characteristic of a single particle diffusion. Although the
comparison of the experimental results with Monte Carlo simulations does not allow
one to determine the diffusion activation energy and lateral bond energy separately, we
determined the interdependence between these two model parameters, that describes
well the anticrossing bridge width kinetics on the Au(111) surface.

We considered two different microscopic mechanisms that may significantly
contribute to the anticrossing relief evolution: (1) diffusion of atoms from the
uppermost terrace across the bridge and their subsequent incorporation into the lowest
terrace (in other words, recombination with vacancies at the lowest terrace), and (2)
atomic diffusion along the angular combinatory steps. It turned out that the
recombination mechanism dominates over the step diffusion. Moreover, the step
diffusion contribution decreases with the increasing bridge width, from approximately
one-third at the early stage to one-forth at the mature stage of the observed bridge
formation. This unexpected behavior can be explained by the decrease of the step
diffusion efficiency induced by the increasing curvature radius of the new combinatory
steps. The observed qualitative rearrangement of step-terraced surface morphology due
to the interaction between monatomic vicinal steps and slip traces, which leads to the
formation of new combinatory steps and anticrossing "bridges", open new opportunities
for nanopatterning of surfaces. On the other hand, the anticrossing phenomenon should
be taken into account in exploring slip traces for studying elementary mechanisms of

plastic relaxation in crystals.
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Figure 1: (a) UHV-STM images of Au(111) surface exhibiting intersections of seven curved vicinal steps
(labelled from V, to V;) with two straight vertical slip traces (labelled T, and T,) induced by uniaxial
compression of the single crystal along the [110] direction at T = 180 K. (b) UHV-STM images of the same
area after annealing at T = 300 K for approximately 60 min. The particle marked with the black circle was
used as a reference to position the STM images. The white frame highlights the anticrossing phenomenon at
the intersection of Vg and T,. The numbers 0, 1 and 2 in the white frame indicate the different increasing
atomic levels of the associated terraces. The dotted and dashed white lines highlight the combinatory steps

labelled C, and C,, respectively.
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Figure 2: Anticrossing phenomenon occurring on the surfaces of various crystals. (a) STM image of the
Au(111) surface around the intersection between a vicinal step V and a slip trace T; (b) z-x profile across the
bridge, along the segment shown in the image (a) with the dashed line, in units of h,, the vicinal step height;
(c) STM image of a similar anticrossing configuration at the NizAl(111) surface; (d) AFM image of the
GaAs(001) surface with multiple intersections of vicinal steps (V,, V,, V) and slip traces (T, T,, Tj).
Similar to Fig. 1, the white frame highlights the anticrossing configurations near the intersection between
slip trace T, and vicinal step V,. The white circle highlights the intersection between mutually orthogonal
slip traces T, and T5. In Figs. 2 (a-d), all vicinal steps and slip traces are of monatomic height, i.e. they

correspond to the crystal period in the respective crystallographic direction.



Figure 3: Characteristic kinetic evolution of the Au(111) surface for 2« = 60° during the anticrossing
phenomenon (UHV-STM investigations at T = 297 K) at (a) t = 40 s, (b) 370 s and (c) 760 s after the

emergence of the slip trace. In the inset, the contrast is enhanced to highlight the well-known herringbone

pattern characteristic of the Au(111) atomic reconstruction. V and T correspond to a vicinal step and a slip

trace, respectively.
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Figure 4: Experimental (dots) and simulated (lines) kinetics of the bridge width on Au(111). The circles
correspond to T = 297 K and 2a = 60°, the triangles corresponds to T = 278 K and 2a = 48°. For both

temperatures, the solid lines correspond to the Monte-Carlo simulations with E; = 0.4 eV and E, = 0.204 eV.



Figure 5. Simulated MC images showing (a) the initial checkered configuration and the bridge growth for
various annealing durations: (b) 1 min, (c) 15 min and (d) 60 min. The simulations were carried out at
T =297 K for E;=0.4 eV and E, = 0.204 eV. The circle arcs shown by dashed lines are used to approximate

the combinatory steps for bridge width determination (see text).
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Figure 6: Adatom activation energy E, vs. binding energy E, for various intersection angles 2c.
Experimental data fit is presented with the black circles. Dotted and dashed lines correspond to the MC
simulations for 2« = 15° and 2« = 165°, respectively. The power £ of the bridge width kinetics for 2« = 60°
is shown by triangles on the right axis. The dash-dotted horizontal line is drawn as a visual guide for g

values.
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Figure 7: (a) Simulated bridge width kinetics for both recombination (RM) and step diffusion (SDM)
mechanisms (circle dots), and for only step diffusion mechanism (triangular dots). Dashed and dash-dotted
lines are the power dependence fits with = 0.45 and 0.37, respectively. The simulations were performed for
2a = 60°, T = 297 K, E; = 0.4 eV and E, = 0.204 eV. In the inset, RM and SDM mechanisms are
schematically illustrated. The directions of the overall diffusion fluxes for RM and SDM are shown by the
double solid and dashed arrows, respectively. The initial atom position and the final positions are shown by
the dark ball and light balls, respectively. (b) The ratio of the step diffusion contribution to the sum of both

contributions.
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