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STM characterization of extended dislocation configurations in Au„001…
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Scanning tunneling microscopy~STM! of Au~001! single crystals has been used to characterize dislocation
configurations resulting mainly from nanoindentation of the surface by contact with the STM tip. The Burgers
vectors and directions of the different extended dislocations are identified by comparing STM pictures with
simulated images of the corresponding atomic configurations. We describe a configuration consisting of an
unfaulted dislocation loop split into two pairs of Shockley partials, linked by a stair-rod segment that holds the
two stacking-fault ribbons. The separation between Shockley partials in the extended dislocations is found to
be larger than in the bulk.@S0163-1829~98!04527-5#
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Crystal dislocations are often assumed to play a subs
tial role in a number of surface-related phenomena. Amo
others, dislocations control the growth rate of crystals fr
the vapor or from solution and accelerate its etching
chemical reagents.1 They are also believed to govern th
strain relaxation in heteroepitaxial growth,2 to provide local
points of enhanced surface reactivity3 or alternate paths fo
diffusion of islands,4 and to form complex networks unde
lying certain surface reconstructions.5 Conversely, the state
of the surface is suspected to influence the generation
motion of dislocations, which, in turn, control the mecha
cal properties of solids.6 Whereas dislocations in the bulk o
crystals are well described in textbooks7 and ample experi-
mental evidence of their most important properties has b
accreted, particularly by means of transmission elect
microscopy8 ~TEM!, a systematic description of the prope
ties of dislocations in relation to surfaces is still lackin
With the advent of scanning tunneling microscopy~STM!
several recent studies have reported detailed imaging of
locations in surfaces.9 However, a comprehensive analysis
these images in terms of current dislocation theory has b
seldom attempted.10 This is a serious hindrance in curre
active fields, such as surface reconstruction5 or surface radia-
tion damage.11

In this paper, we report results of a STM study of a nu
ber of dislocation configurations in Au~001! surfaces, cus-
tomarily found in the neighborhood of the contact point
the STM tip with the crystal. We identify their Burgers ve
tors and segment orientation, including dislocations w
Burgers vectors parallel to the surface. This is done by co
paring the STM images with those simulated by a sim
model that combines dislocation theory with a hard-sph
model based in the atomic-charge superposit
approximation.12 We find split dislocations whose equilib
rium distances are larger than expected from their bulk
havior. In addition, another type of surface defect is iden
fied: it arises from dislocationloop splitting and consists o
two stacking-fault ribbons, limited by Shockley partials, a
sustained by a stair-rod dislocation segment. Splitting
originally unfaulted loop near the surface can have import
PRB 580163-1829/98/58~3!/1169~4!/$15.00
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consequences in regard to thin-film growth and related p
cesses, not the least because unfaulted loops, with Bur
vector parallel to the surface, do not give rise to surface st
whereas a split configuration does.

The experiments were carried out at room temperat
with a homemade STM operating in a vacuum in the ran
of 10210 mbar. Gold single crystals with~001! orientation
were cleaned by standard procedures including diamo
paste mechanical polishing~down to 0.25mm! followed by
argon-ion bombardment~600 eV! and 900 K annealing in
ultrahigh vacuum. After several cycles, the sample appea
free of contaminants, as detected by Auger spectroscopy,
consisted of wide terraces with a typical width of 500 Å.
Fig. 1, we show an atomic resolution picture of the char
teristic 53n reconstruction. As is well known, the value ofn
is sensitive to defect concentration, stresses,13 etc. In our
samples, typicallyn52362. The defects we report in thi
paper were mostly observed in the neighborhood of
points of mechanical contact of the STM tungsten tip w
the crystal, but similar defects were also found~less fre-
quently! in other parts of the surface. The tip-sample co

FIG. 1. High-resolution image of the reconstructed Au~100! sur-
face showing the two periods of the reconstruction. The ima
frame is 53353 Å.
1169 © 1998 The American Physical Society
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FIG. 2. ~a! STM image of a type-I defect~extended perfect dislocation!, with associated stepperpendicularto the reconstruction. The
image frame is 1653175 Å. ~b! Profile along the solid line shown in image~a!. ~c! Simulated image of the dislocation configuratio
schematically described in~d!. ~d! Proposed final configuration: two parallel Shockley partials with Burgers vectorsdA andBd, arising from
the splitting of a perfect dislocation of Burgers vectorBA on thed plane.
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tacts were made by gently forcing the tip to progress towa
the sample once the tunneling current had been establis

We report the characterization of two different types
defects. A representative example of the first one, which
call type I, is shown in Fig. 2~a!. At this amplification, the
moiré pattern originated from the superposition of the he
agonal overlayer on the square substrate~the 53n recon-
struction! is discernible as quasi-one-dimensional ridges r
ning along@110#. The type-I defect is viewed as a line from
point M to N that interrupts the ridges and causes a ph
shift. From images of different type-I defects, we estim
the length of the line joining theM and N points as
l 572615 Å, with the uncertainty deriving mainly from th
moiré broadening. The height of the step, estimated fr
profiles like the one represented in Fig. 2~b! is s50.65
60.10 Å. The second type of defect~type II! is shown in
Fig. 3~a!: it can be described as an elevated tableland wit
mean height of 0.7560.10 Å. It rises abruptly when eithe
the MN or M 8N8 line is crossed and descends gently, a
asymmetrically, in the perpendicular direction@see profiles in
Fig. 3~b!#.

Although mobile vacancy clusters, one atomic plane d
~'2 Å in Au!, have been earlier described around ST
nanoindentations,14 our type-I and -II defects have a ver
different morphology. We relate them to dislocations on
basis of microindentation tests, in which dislocations
known to generate and propagate from the contact poin
s
d.
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the indentor~current work15 is extending this idea to nano
contacts!. Around these contact points, dislocation loo
with Burgers vectorsb parallel to the surfacetend to
prevail.7 If b has a component perpendicular to the surfa
~b•nÞ0, n being the normal!, dislocations in STM pictures
are recognized through the observation of their associa
steps. Ifb is parallel to the surface, dislocations can be i
aged only through the influence of their displacement fie
on the neighboring atoms. We have developed a model16 that
includes a number of assumptions, namely,~i! sample atoms
are represented by hard spheres on the grounds of ato
charge superposition.12 ~ii ! The 5323 reconstruction is in-
troduced by constructing a gold hexagonal compact la
with a uniform contraction of 4%,13 and letting that layer
descend onto the Au~001! unreconstructed substrate until e
ery atom in the hexagonal layer contacts the underlying fi
unreconstructed plane. In the latter, the actual position of
atoms around a dislocation are computed by the well-kno
formulas of standard dislocation theory.7 The z position of
every atom in the uppermost hexagonal layer is then take
the final surface configuration, without allowing for later
displacements. The reconstructed layer is, then, comple
uncoupled to the rest of the crystal. Theoretical support
the floating nature of the hexagonal overlayer in Au~100! is
discussed by Fiorentini, Methfessel, and Scheffler17 and the
assumption is further supported by x-ray diffraction dat18

that show that, in spite of the different substrates, the rec
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FIG. 3. ~a! STM image of a type-II defect~dissociated perfect dislocation loop!, showing two opposite steps perpendicular to t
reconstruction direction. The size of the image is 2403240 Å. ~b! Profiles along the solid lines 1~s! and 2 ~.! of the image~a!. ~c!
Simulated image of the dislocation configuration described in~d!. ~d! Dislocation configuration of a defect type II: Double splitting of th
initial loop gives rise to four Shockley partials whose emergency points correspond to theM , N, M 8, andN8 points and to a stair rod along
PQ. All Burgers vectors are shown in the scheme.
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structed overlayer is the same in Au~100! and Au~111!. ~iii !
In order to describe the atom displacements around the
posed dislocation configuration, the displacement fields
infinite dislocations have been used. The effect of consid
ing finite dislocation segments will be analyzed elsewher16

A gray-level scale was used to convert the simulation d
into images, which were finally sent through a Fourier lo
pass filter in order to simulate the effective resolution of
experimental image.

As is well known from standard dislocation theory,
bulk fcc metals perfect dislocations of Burgers vec
a/2 ^110&, a being the cube side, tend to split into tw
Shockley dislocations of Burgers vectora/6 ^112& that en-
compass a ribbon of stacking fault.7 In Fig. 2~c! we represent
the simulation, according to the model described above
the contrast arising from the split dislocation of Fig. 2~d!.
From the comparison of Figs. 2~a! and 2~c! we propose that
the type-I defects are extended dislocations of widthl . In
particular, the heights of the step associated with the e
tended dislocation would be given by the scalar prod
a/6 @12̄1#•@001# which, for gold, is equal to 0.68 Å, in goo
agreement with the experimental value of 0.65 Å.

We argue now that type-II defects are split loops who
geometry is represented in Fig. 3~d!. We employ the standard
Thomson’s tetrahedron notation.7 Let us assume that the loo
is V shaped~intersecting the surface! with segmentsM PM8
o-
f
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along DB and BC, and Burgers vectorBA, in Thomson’s
notation. Once the loop is extended, the segment alongDB
splits across thec plane into two parallel Shockley partia
dislocations with Burgers vectorsgA and Bg. In the same
way, the segment alongBC splits in thed plane into two
parallel Shockleys with Burgers vectorsdA and Bd. As a
result of the double splitting, a segment of stair-rod dislo
tion along BA, with Burgers vectordg is originated. The
result of the simulation is shown in Fig. 3~c!. An asymmetric
tableland of mean height'0.7 Å is obtained, with phase
shifts appearing when the stacking-fault ribbons tra
~MN or M 8N8! are crossed. There is remarkable agreem
between this simulation and the STM image and pro
@Figs. 3~a! and 3~b!#, including the profile asymmetry alon
the @11̄0# direction. If, maintaining the Burgers-vector va
ues, the dislocation orientations are taken instead alongDg
and Cd, no profile asymmetry along this direction resul
We take it as evidence of the proposed assignment~DB and
BC! of the dislocation directions.

A simple geometrical construction shows that ifa is the
angle between the dislocation direction (NQ) and the
stacking-fault trace (NM)—see Fig. 3~d!—then the relation-
ship between the experimental lengthl and the widthR of
the extended dislocation isR5 l sin a. For partials alongDB
a5p/6, R5 lA3/2562 Å. This is definitely larger than the
split observed in the bulk,19 40 Å, for the same angle ofp/6
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between the dislocation line and the Burgers vector of
undissociated dislocation. Whereas introducing the role
surfaces on the dislocation interaction,20 and allowing for
finite segments, could result in changes in the equilibri
width of the stacking-fault ribbon,16 within the present un-
derstanding, the possibility that the stacking-fault energy
altered near the surface cannot be discarded. One can
of the split as a testing ground for the interaction of dislo
tions with surfaces. It is worth remarking that split disloc
tion loops can provide an efficient path to strain relief
metal surfaces with square symmetry, akin to the inter
~111! faceting reported for Cu/Ni~100!.21

Using a time-honored procedure in TEM,7,8 the observed
splitting of partial dislocations in Figs. 2 and 3 can be used
derive a stacking-fault energy densityg by equating the elas
tic dislocation repulsion per unit lengthFL to 2]WSF/]R,
WSF being the energy per unit length of the stacking-fa
ribbon. Using isotropic elastic continuum theory, o
obtains7

g5FL5~m/2pR!$~b1•j!~b2•j!

1~12n!21~b13j!•~b23j!%, ~1!

whereb stands for the Burgers vector,j for the dislocation
direction unit vector,R for the distance between the partia
andm andn are the Voigt elastic parameters of Au.7

Using our experimental valueR562 Å we obtain
g51965 ergs cm22. If anisotropy is introduced, using th
Jenkins calculations19 instead of Eq. ~1!, the value
e
f
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t

g5186 ergs cm22 is obtained. Indeed, the use of an elas
continuum involves a number of approximations; inclusi
of additional terms~as computed from molecular dynamic!
tends to increase the expected split for a giveng. However,
the correction is not very large22 and unlikely to explain why
our g values fall outside the accepted range in the bulk.23

In summary, we have shown that STM dislocation imag
can be interpreted in terms of a simple model. Althou
other groups have reported the observation of splitting i
partials of perfect dislocation lines, using this technique, h
dislocationdirections and Burgers vectors are assigned
the basis of calculation involving the dislocations’ displac
ment field. In the neighborhood of contact of an STM t
with a Au~001! crystal surface, we have also observed co
figurations of extended dislocations, particularly the splitti
of an unfaulted dislocationloop with Burgers vector paralle
to the surface; the resulting configuration consists of fo
segments of Shockley partial dislocations connected b
stair-rod dislocation parallel to the surface. The width of t
extended dislocations seems rather sensitive to surface p
imity, being significantly larger than in the bulk. It is hope
that this work will open the way to a systematic analysis
dislocation configurations near the surface and of the ac
role of the surface on the onset of glide systems aro
nanoindentation contacts.
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