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Co grows on W�110� in close-packed layers with hcp and fcc stacking. During further growth, the corre-
sponding stacking faults result in dislocations at the boundaries of coalescing islands. Using scanning tunneling
spectroscopy, we could distinguish between different types of dislocations, which in turn are related to dislo-
cation types modeled with hard spheres. In contrast to the hard sphere model, the dislocations in the Co film
extend over several unit cells. Therefore, the average atomic density becomes the main distinguishing param-
eter. The change of the electronic structure in the dislocation with respect to homogeneous films is character-
ized by a shift of electronic states towards higher binding energy.
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I. INTRODUCTION

The occurrence of stacking fault dislocations is a regu-
larly observed phenomenon for crystal growth of close-
packed structures in �111� orientation when the growth pro-
ceeds far from the thermodynamic equilibrium, i.e., for
vacuum thin-film growth.1 On the close-packed surfaces
fcc�111� and hcp�0001�, adatoms can adsorb on two non-
equivalent threefold hollow adsorption sites, thus resulting in
fcc- or hcp-like stacking sequences. In many systems, the
adsorption energy is similar for both inequivalent sites and
further growth leads to twin crystallite formation, forming
dislocations at the boundaries. Recently, an understanding of
the underlying atomic processes was achieved in the model
system Ir/ Ir�111�.2 The equilibrium distribution of small
clusters between hcp and fcc sites is frozen by the attachment
of immobilizing adatoms during growth.

The presence of stacking faults and dislocations in thin
films has an intense influence on their electronic properties,
particularly for magnetic multilayers.3 For magnetic films,
the uniaxial symmetry of the hcp structure can induce a mag-
netic anisotropy that is absent in the corresponding fcc film.
For example, Co/W�110� �See Ref. 4� and Co/Mo�110�
�See Ref. 5� films with a preferred hcp structure exhibit a
bulk-like contribution to the magnetic anisotropy favoring an
easy axis perpendicular to the surface, while for Co/Cu�111�
films with a preferred fcc structure,6 magnetocrystalline con-
tributions to the magnetic anisotropy can be neglected.7 The
role of the stacking sequence on magnetic anisotropies has
been explained by theoretical models.8 For tunneling magne-
toresistive devices, transport properties are largely governed
by electronic interface states.9 For close-packed Co surfaces,
these interface states crucially depend on the stacking se-
quence as has been observed for Co/Cu�111�10–12 and
Co/W�110�13,14 films by scanning tunneling spectroscopy
�STS�. Ab initio calculations reveal that the stacking se-
quence strongly changes a d3z2−r2-like surface resonance at
−0.3 eV below the Fermi energy.14

Dislocations that are formed during growth at the bound-
aries of coalescing crystallites with different stacking se-
quences provide a unique contribution to the properties of
films and multilayers. Dislocations may severely change the

oscillating indirect exchange coupling.15 Controversial re-
sults on the presence or absence of antiferromagnetic cou-
pling observed for Co/Cu�111� multilayers16,17 were ex-
plained by different densities of stacking faults in the
Cu�111� interlayers. If the dislocations at the boundaries of
Cu crystallites were filled by Co atoms during further growth
of the multilayer, these Co atoms would provide a direct
ferromagnetic coupling and thus mask the weak antiferro-
magnetic coupling.15,18 Besides this morphological influence,
stacking fault dislocations may show an electronic structure
different from homogeneous crystallites. This question was
recently addressed by Wiebe et al.14 For dislocations in
Co/W�110� films that were formed near the substrate inter-
face and then buried by additional Co layers, no significant
difference was found.

In this paper, the development of dislocations in ultrathin
Co films on W�110� is described for a coverage of up to 3
monolayers �ML�. The Co/W�110� system serves here as a
model system, because interface alloying is suppressed and
the stacking sequence can be determined unambiguously for
islands up to a 3 ML thickness. We present a systematic
classification of the various possible dislocation types based
on a hard sphere model, in extension of the classification
scheme given by Busse et al.2,19 for the case of Ir/ Ir�111�. In
contrast to the Ir/ Ir�111� system, the stiffness is much
smaller in Co films and consequently dislocations are strain
relaxed over several unit cells. The altered local density of
atoms causes changes in the electronic structure, which is
investigated by scanning tunneling spectroscopy.

II. EXPERIMENT

The experiments were carried out using an ultrahigh
vacuum chamber �p�1�10−10 Torr�. The single-crystal
W�110� surface was cleaned by cycles of annealing in an
oxygen atmosphere and subsequent flashing at 2000 K. Co-
balt was evaporated with a rate of 0.1 ML/min at substrate
temperatures of approximately 420 K from a BeO crucible
using a homebuilt evaporator. The substrate temperature was
varied slightly in order to adjust the island sizes. The pres-
sure increases during Co evaporation to p=2�10−10 Torr.
The cleanliness of the samples was checked by Auger spec-
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troscopy. STS was performed to obtain differential conduc-
tance dI /dU maps and spectra, using a lock-in technique
with a 8 kHz bias voltage modulation of 30–50 mV. All bias
voltages given are sample voltages with respect to the tip.
The data shown here are measured using a Pt80Ir20 tip that
was cut under tensile stress from a thin wire. Spectroscopic
measurements were done directly after the sample prepara-
tion with residual gas exposures less than 0.5 L
�10−6 Torr s�.

III. HARD SPHERE MODEL

The first Co layer grows initially as a pseudomorphic
monolayer on W�110�. During further growth the pseudo-
morphic monolayer transforms into a close-packed layer,

which remains pseudomorphic along the bcc�11̄0� direction.
Thus, dislocations in the first Co layer are suppressed. If the
first layer is denoted by A, the second layer may grow in two
different positions relative to layer A, denoted as B and C.
The trilayer �TL� then may have a fcc stacking �ABC or
ACB�, or a hcp stacking �ABA or ACA�. Areas with fcc
stacking can be distinguished with STS from areas with hcp
stacking because of the different electronic structure.13 The
different stackings AB and AC in the bilayer �BL� are sym-
metrically equivalent to each other and therefore show no
spectroscopic difference. However, islands with AB and AC
stacking are separated by dislocation lines that might be seen
in STS images.

An illustrative explanation for the occurrence of different
types of dislocations is given by the hard sphere model of
close-packed structures. Figure 1 shows BL and TL islands
with all possible stacking sequences. The boundaries of the

Co islands are preferably oriented along the hcp �101̄0�,
�01̄10�, and �1̄100� directions, thus forming closely packed
edges. For the BL islands two different types of steps can be
identified at the boundaries. In the top view shown in Fig. 1,
the edge atoms of a BL island form a rectangular unit cell at
steps denoted as � and a parallelogram unit cell at steps
denoted as �. In our case, steps � and � are energetically
equivalent, as seen by the occurrence of hexagonally shaped
islands. A considerable energy difference between the two
types of steps would result in triangular islands as observed;
e.g., for Ir islands on Ir�111�.19 For hexagonal islands as
shown in Fig. 1 steps on opposite sides of an island are
always complementary to each other. For coalescing islands
dislocation lines are formed, if similar steps approach each
other. Consequently, two inequivalent dislocations are
formed, which we denote as �−� and �−�. The dislocations
can be characterized by the distance of atomic rows in the
second layer, i.e., by the width of the groove, as indicated in
Fig. 5�a�:

d�−� =
4

3

�3

2
aCo � 0.289�nm� ,

d�−� =
5

3

�3

2
aCo � 0.362�nm� . �1�

If an � step meets a � step, the distance of the atomic rows
will be given by d0= ��3/2�aCo�0.217 nm, corresponding to

the row distance in the close packed structure without dislo-
cations. Therefore, the extra distance at the dislocations is
d�−�−d0�0.072 nm and d�−�−d0�0.145 nm.

The double steps occurring at the boundaries of bilayer
islands on the first close-packed layer �TL islands� are con-
sequently denoted by two letters. The four different types of
steps are denoted as ��, ��, ��, and ��. A particular TL
island reveals only the combinations �� with �� and ��
with �� as pairs of complementary types of steps. According
to the combination of step types at dislocation lines formed
at coalescing TL islands, basically 16 different types of dis-
locations may occur. However, the four combinations
��−��, ��−��, ��−��, and ��−�� cancel each other
because they belong to islands with the same stacking se-
quence. The remaining 12 combinations form true disloca-
tions. These 12 different types are shown in Fig. 2, ordered
by systematic variation of step types. Two complementary
dislocations for a particular pair of islands are shown in one
row. The dislocation types are summarized in Table I, or-
dered by the variation of stacking sequences.

As in the case of BL islands, the dislocations in TL islands
are characterized by the distance between atomic rows at the
dislocation in the second �DBL� and third layer �DTL� which
may assume values of 3 �for no dislocation�, 4, and 5 in units
of aCo/ �2�3� �see Fig. 2 and Table I�.

FIG. 1. �Color online� Hard sphere model of close-packed bi-
layer and trilayer islands on a close-packed layer in �111� orienta-
tion. BL and TL islands are shown for all possible stacking se-
quences, assuming the lowest layer being an A layer. The different
types of steps are denoted by italic letters. For hexagonal islands the
steps on opposite edges are complementary to each other.
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IV. EXPERIMENTAL OBSERVATIONS

In principle, dislocations should be visible in a topo-
graphical STM image �see, e.g., Ref. 2�. However, for ultra-
thin Co films on W�110� it has been shown previously that

the dislocations can be hardly detected.13,14 This is different
for STS images �dI /dU maps�, where the spectroscopic con-
trast can be exploited to observe the dislocations. Figure 3
shows a series of dI /dU maps taken for varying sample volt-
ages at the same probe area. The probe area comprises a TL
island with fcc stacking in the bottom right corner of the
island and hcp stacking elsewhere. The fcc stacking shows
up as a bright area for sample voltages close to −0.4 V and
+0.3 V in agreement with previous observations.13 For
sample voltages between −0.65 V and 0.45 V, a bright line
appears at the borderline between fcc and hcp areas, indicat-
ing the dislocation. A reversed contrast shows up for sample
voltages between −0.25 V and −0.1 V and also between
+0.1 V and 0.2 V, where the dislocation results in a dark
line. The largest contrast appears at sample voltages −0.45 V
and −0.4 V, which have been used in the following. The
dislocation contrast depends on the in-plane direction of the
dislocation line. While the dislocation is clearly visible at the
left boundary of the fcc area, the contrast is faint at the upper
boundary line that has a large angle with respect to �001�
�indicated by arrows in Fig. 3�.

Figures 4�a� and 4�b� show a TL island consisting of a
large hcp area in the center surrounded by smaller fcc areas.
The borderline between fcc and hcp areas is clearly different
at the upper and lower boundary of the hcp area. While the
upper dislocation shows up as a bright line, the lower dislo-
cation fails to show a spectroscopic contrast. The occurrence
of complementary dislocations can be nicely observed for
the elongated island shown in Figs. 4�e� and 4�f�, comprising
alternating areas of hcp and fcc stacking. Reading from the
left edge, the hcp/fcc transition appears always dark while
the fcc/hcp transition appears always bright. As motivated by
the hard sphere model, complementary dislocations are ex-
pected at opposite boundaries of the hcp area. Surprisingly,
the dislocation line always appears either bright or dark, with
only a small variation of the spectroscopic contrast depend-
ing on the angle between the �001� direction and the dislo-
cation line. This observation can be explained by the fact that
the threefold symmetry of the fcc �111� surface is broken in
our case. Because of the misfit of the Co bulk lattice with

respect to the substrate along �11̄0� of f i= �bi−ai� /ai

=−0.032 �i= �11̄0�, bi and ai denoting corresponding lengths

FIG. 2. �Color online� Hard sphere model of all possible dislo-
cation types in TL films with a common base layer. Complementary
dislocation types are shown in a row. The dislocations are charac-
terized by the distance of atomic rows in the second and third layer
at the dislocation line DBL and DTL, given in units of d0 /3. The
complementary dislocation types are denoted as described in
Table I.

TABLE I. Types of dislocations formed at coalescing BL �0a and 0b� and TL �1a–6b� islands of different stacking sequences. Because
of mirror symmetry type 1a is equivalent to 2b. The same equivalence holds for 2a and 1b, 3a and 4b, and 4a and 3b. Dislocations between
two fcc stackings �5a and 5b� require a dislocation in each of the topmost layers, while at dislocations between hcp stackings �6a and 6b�,
only the center layer shows the dislocation. Dislocations that show up as a bright line �at U=−0.45 V� are indicated by �, the complemen-
tary dislocation by �. Type 5 dislocations could not be clearly identified.

a DBL DTL b DBL DTL

0 BL-BL AB→AC 4 � ��� AC→AB 5 � ���
1 fcc-hcp ABC→ABA 3 4 � ABA→ABC 3 5 �

2 fcc-hcp ACB→ACA 3 5 � ACA→ACB 3 4 �

3 fcc-hcp ABC→ACA 4 4 � ACA→ABC 5 5 �

4 fcc-hcp ACB→ABA 5 5 � ABA→ACB 4 4 �

5 fcc-fcc ABC→ACB 4 5 0 ACB→ABC 5 4 0

6 hcp-hcp ACA→ABA 5 3 � ABA→ACA 4 3 �
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of adsorbate and substrate unit cells�, the resulting epitaxial
strain leads to a preferential orientation of island edges along
�001�, thus favoring steps with the closest packing.13 Conse-
quently, the preferred orientation of dislocation lines is along
�001�, too. Deviations of the dislocation direction from �001�
will be adopted by small sections of only a few unit cells
along an energetically unfavorable direction separating com-
paratively long sections along �001�. Because the deviation
of the electronic structure at the dislocation extends over
several unit cells, the short dislocation sections along unfa-
vorable directions remain undetectable. From the observation
of many �bright� dislocation lines, one finds a decrease in
intensity with decreasing deviation from the �001� direction.

Figure 4�c� shows a line scan across the �bright� disloca-
tion. If the difference in the dI /dU signal for fcc and hcp
areas is subtracted by a step function, the deviation caused
by the dislocation can be described remarkably well by a
Gaussian function. The full width at half-maximum value of
1.85 nm means that the deviation of the electronic structure
extends over a much larger area than suggested by the hard
sphere model. The most probable explanation is a strain re-
laxation of dislocations; i.e., all atoms in the vicinity of the
dislocation are displaced in such a way that close-packed
unit cells are formed locally. This assumption is further sup-
ported by the observation of an atomically resolved disloca-
tion network in thicker Co/W�110� films with a width of
3 nm for individual dislocation lines.14

The prominent difference in the dI /dU spectra between
the �bright� dislocation and homogeneous areas of fcc stack-
ing appears as a shift of the peak at −0.4 V by �50±20� mV
towards higher binding energies for the dislocation �see Fig.
4�d��. The dI /dU spectra have been taken after stabilizing
the tip position with U=1 V at I=0.5 nA. Thus, the tip is
positioned for the spectroscopic measurement at a larger tip-
sample distance compared to the conditions for measuring
dI /dU maps. Nevertheless, the shift of the peak position can
also be qualitatively observed in the series of STS images
�see Fig. 3�.

For BL areas, only two different types of dislocation exist:
�−� and �−�. Denoting the first Co layer as an A layer, the
�−� dislocation occurs at a transition from AB to AC stack-
ing �from top to bottom� for dislocation orientation along
�001� �see Fig. 5�a��. According to our notation, we refer to
the �−� ��−�� dislocation as a 0a �0b� dislocation, and the
distance of atomic rows at the dislocation is 4�aCo/ �2�3�
�5�aCo/ �2�3��. Although only one pair of complementary
dislocations exists, the experimental observation is not that
simple. Figures 5�b� and 5�c� show a STM and correspond-
ing STS image of a BL area for a sample voltage of U=
−0.45 V. The dislocation lines, indicated by the arrows,
show up as alternating dark and bright lines separating areas
of AB and AC stacking with a preferential orientation along
�001�. In this case, we observe a sequence of complementary
dislocations, as expected from the hard sphere model. How-

FIG. 3. �Color online� Series of dI /dU maps
��50�50� nm2� of a TL island comprising both
hcp and fcc stacking for sample voltages as indi-
cated in each image �I=0.6 nA�. A topographic
image of the same area is shown in the upper left
corner. The intensity diagram shown at the top
qualitatively reflects the dI /dU intensity as a
function of the sample voltage for fcc areas �a�
and at the dislocation �b� indicated by the blue
�gray� arrow. For U=−0.6 V, the dI /dU intensity
depends on the crystallographic direction of the
dislocation line �indicated by the blue �gray� and
yellow �white� arrows�.
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ever, in many STS images the BL dislocations could not be
observed at U=−0.45 V. Instead, a dark line appears at U
= +0.3 V for the 0a �BL� dislocations �see Fig. 7�b��. In
some cases the BL dislocations could not be clearly identi-
fied.

The black dots in Fig. 5�c� indicate spots where the dI /dU
signal is very small and therefore may be identified as ad-
sorbed molecules from the residual gas; i.e., CO molecules.
These molecules adsorb preferentially at the dislocations. An
analysis of several STS images reveals that they adsorb with
a higher probability at a dislocation line that shows up with a
high dI /dU intensity at U=−0.45 V. One expects the adsorb-
ing probability to be higher for the case of a wider disloca-
tion groove; i.e., the 0b dislocation. Therefore, we tentatively
assign the dislocation with the high dI /dU intensity at U=

−0.45 V as the 0b dislocation. This assumption could only be
verified by an analysis of atomically resolved dislocations,
which was not possible in our case.

Starting from our tentative assignment of the relative
atomic positions in bilayer areas, stacking sequences in TL
areas and, consequently, dislocation types can be determined,
as well. Therefore, one has to analyze overgrowing layers at
substrate steps. This is illustrated in Fig. 6, where topo-
graphical and spectroscopic information is combined for a
sample area comprising four terraces covered by one, two, or
three atomic layers of Co. In this figure, BL areas appear
bright, ML areas dark, and TL areas dark or bright depending
on the stacking sequence.

The position of the first Co layer on the second terrace
�from the top� is defined as an A layer. AB and AC stackings
of the BL are identified as described above. The BL disloca-
tion 0b, indicated by the mark b� in Fig. 6 is completely
covered by molecules. Considering, e.g., the continuation of
the AB stacking from the second to the third terrace indi-
cated by the mark a� in Fig. 6, the stacking sequence must be
BAB on the third terrace because it is an hcp island. This hcp
area is separated from an adjacent hcp area on the same
terrace by a bright dislocation line. Consequently, this adja-
cent area comprises the stacking sequence BCB. However,
the stacking sequence BCB does not match the AB or AC
stacking in the adjacent upper terrace. Therefore, overgrow-
ing is avoided in this area. According to Table I, the indicated
hcp-hcp dislocation is a 6a dislocation. It could be expected
that it appears bright because the dislocation in the center

FIG. 4. �Color online� �50�50� nm2 STM �a� and STS images
�b� of a TL Co island �U=−0.4 V, I=0.55 nA�, comprising a central
hcp area surrounded by fcc areas. Two types of dislocations can be
distinguished. The lower dislocation, indicated by the arrow shows
no additional spectroscopic feature, while the upper dislocation is
indicated by a prominent bright line. The line scan �c� across the
bright dislocation is fitted by a Gaussian function after subtraction
of a step function. �d� dI /dU spectra �stabilization parameters U
=1 V, I=0.5 nA� measured at the dislocation �upper spectra� and
on a homogeneous fcc area �lower spectra�. The peak at U=
−0.4 V is shifted towards higher binding energies on the disloca-
tion. �e� �130�30� nm2 STM image of a TL Co stripe �U=
−0.4 V, I=0.7 nA� and corresponding STS image �f�. Alternating
hcp and fcc areas lead to alternating occurrence of complementary
dislocation types.

FIG. 5. �Color online� �a� Hard sphere model of the dislocation
along �001� in BL islands. �b� �30�90� nm2 STM image of a BL
Co stripe �U=−0.45 V, I=0.6 nA� and corresponding STS image
�c�. The alternating appearance of complementary dislocation types
�narrow dark lines and wider bright lines indicated by 0a and 0b,
corresponding to the dislocation type� separate alternating stacking
sequences AB and AC. Black spots are caused by adsorbed mol-
ecules from the residual gas.
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layer has a similar edge formation ��−�� as the dislocation
0b �BL�, which appears in some cases bright �see Fig. 5�c��
also. At the left side of the third terrace the overgrowing
layers from the second terrace indicate again a BAB stacking
sequence. The dislocation is accordingly of type 6b. No sig-
nificant spectroscopic feature is visible at this dislocation.

Because the two lower layers on the third terrace �Fig. 6�
are continued across the substrate step on the fourth terrace,
the hcp islands comprise the stacking sequence ABA, while
the fcc island is ABC. The type 1b dislocation between fcc
and hcp shows up as a bright line. This can again be ex-
pected since the dislocation in the topmost layer is of the
type �−� as in the case of types 6a and 0b. The complemen-
tary dislocation 1a is avoided in this case because the left hcp
area is separated from the fcc island. Note, that the disloca-
tion 0a on the second terrace has finally induced the disloca-
tion 1b on the fourth terrace.

Dislocations on larger terraces can be analyzed similarly.
Figure 7 shows STS images for sample voltages U=−0.4 V
and U= +0.3 V at the same sample area. For U= +0.3 V, TL
islands with fcc stacking show up as white areas, while for
U=−0.4 V hcp islands appear dark. At U= +0.3 V the BL
dislocations of type 0a can be identified as a prominent dark
line, while the complementary type 0b can be identified only
indirectly by adsorbed molecules. The position of the BL
dislocation is transferred Fig. 7�b� to Fig. 7�a�. Above the
upper 0a �BL� dislocation the initial AB stacking sequence
results in the ABA sequence of the top-left hcp island. The
adjacent fcc island below thus has ABC stacking and the

dislocation in between is of type 1b. The complementary
type 1a can be found between the fcc island and the small
hcp island below. As in this case, most of the TL dislocations
occur in the topmost layer.

Below the upper 0a �BL� dislocation the initial stacking
sequence is AC. Therefore, the hcp area just below this BL
dislocation comprises a ACA sequence separated from the
fcc area with ACB stacking by a dislocation of type 2b �see
Table I�. At the bottom of this large TL island a small hcp
area with ACA stacking occurs and the dislocation in be-
tween is of type 2a. The same type can also be found on the
TL island at the bottom left of Fig. 7�a�. The 2a dislocation
can be seen as a bright line, which is not surprising since the
2a dislocation is equivalent to the 1b dislocation by symme-
try reasons.

The 0a �BL� dislocation in the center of Fig. 7�a� is ap-
parently continued to the left across the left fcc island. The
resulting dislocation would be a 5a dislocation with no dis-
tinctive spectroscopic feature. Because we never observed a
dislocation directly inside an fcc island, it is likely that both
types 5a and 5b remain unobtrusive.

FIG. 6. �Color online� Three-dimensional topographic represen-
tation of four W�110� substrate terraces covered by a mean thick-
ness of 3 ps ML Co ��200�200� nm2�. The surface was colored
according to the dI /dU intensity at U=−0.45 V and I=0.6 nA. The
position of the first Co layer on the second terrace �from the top� is
defined as an A layer. Areas where the Co coverage is continued
�overgrowing� at the substrate step from the second to the third
terrace are denoted by �a�. At the substrate step from the third to the
fourth terrace the topmost layer is discontinued but no extended
groove shows up at this step. Therefore, the first two layers on the
third terrace are continued on the fourth terrace.

FIG. 7. �Color online� �145�160 nm2� STS image for sample
voltages U=−0.4 V �a� and U= +0.3 V �b�. In the STS image �b�,
0a �BL� dislocations show up as dark lines. 0b �BL� dislocations
can be identified indirectly by adsorbed molecules. The position of
0a �dotted� and 0b �dashed� dislocations are indicated in �a�.
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A clear indication of a dislocation involving two layers
occurs in the top right TL island of Fig. 7�a�. It is divided by
the continued 0a �BL� dislocation that separates the fcc
�ABC� island from the lower hcp �ACA� area, thus forming a
3a dislocation that is bright. The dislocation between the
topmost hcp island and the fcc �ABC� island does not show
any distinctive spectroscopic feature. If the topmost hcp is-
land had an ABA stacking sequence the corresponding dis-
location would be of type 1b and should show up bright,
which is not the case. Therefore, we conclude that its stack-
ing is ACA and the dislocation is of type 3b.

From a series of STS images, we find that in most cases
TL dislocations are located in just one layer. Dislocation
types with dislocations in both layers appear very seldom.
This is a consequence of the dynamic growth process,
wherein the BL areas coalesce and dislocations are formed in
the second layer before the TL islands approach each other.
Nucleation of TL islands at the existing BL dislocations may
help to avoid the formation of the corresponding disloca-
tions.

Our observation of a dislocation running across a step of
the tungsten surface can only be explained if one assumes a
long-range interaction between adsorption sites on different
terraces. A long-range interaction could be provided by an
elastic strain in the W�110� substrate caused by the tensile
stress of the epitaxial Co film. Elastic strain in the substrate
has indeed been found recently for ultrathin Co/W�110�
films by careful x-ray diffraction measurements.21

V. CONCLUSION

From the hard sphere model one expects four nonequiva-
lent pairs of complementary dislocations in TL islands: two
pairs for fcc-hcp and one pair each for fcc-fcc and hcp-hcp
dislocations. From the spectroscopic data at dislocation lines
only two groups of dislocation types could be distinguished.
The dislocation types 1b, 2a, 3a, 4b, and 6b show the dis-
tinctive spectroscopic feature of a small shift of the dI /dU
maximum at U=−0.4 V by 50 meV towards higher binding
energies that results in a bright line in STS images taken at
U=−0.45 V. In some cases a similar bright line was ob-
served for the 0b �BL� dislocation also. The complementary
dislocation types do not show any significant changes in the
STS data, except for the 0a �BL� dislocation appearing in
some cases as a dark line.

In order to find a common feature of the spectroscopically
“active” TL dislocations, we discuss the mean atomic density
at the dislocation. Because the dislocations show a signifi-
cant strain relaxation, the characterization by the mean den-
sity of atoms might be adequate. The mean density of a

particular dislocation type decreases as the mean distance of
atomic rows measured in the hard sphere model increases.
Therefore, we denote the dislocation type by the distance of
atomic rows DBL in the second layer for BL areas and by the
sum of distances in the second and third layer for TL islands
DBL+DTL. The highest density is found for 1a, 2b, 6b, and 0a

�BL� dislocations with a mean row distance of D̄=3.5, which

just exceeds the row distance D̄=3 of the regular lattice. The
3b, 4a, 5a, and 5b dislocations show the lowest density with

a mean row distance of D̄=5 and D̄=4.5. This very low
density of atoms might be unfavorable and the dislocation
can easily be filled by an additional row of atoms, as has
been observed for Ir/ Ir�111� islands.20 If the additional row
is incorporated into the strained structure, the mean density

of the 3b, 4a, 5a, and 5b dislocations will be D̄=3.25 and

D̄=3.75. The remaining 1b, 2a, 3a, 4b, 6b, and 0b �BL�
�active� dislocations are characterized by a mean row dis-

tance D̄=4 and thus exhibit the lowest density.
A shift of electronic states can be expected if the density

of atoms is locally changed, but the direction of the shift
cannot be predicted absolutely reliable by a simple model.
Nevertheless, a shift of electronic surface states towards
higher binding energies is likely for the case of decreased
atomic density because in a free electron model the kinetic
energy decreases for a decreasing wave vector and increasing
atomic distance.

Note, that the given identification of dislocations is a ten-
tative one. Starting with the opposite identification for the
BL dislocation, the conclusion would be that 1b, 2a, 3a, 4b,
6b, and 0b �BL� dislocations are inactive while 1a, 2b, 3b,
4a, 5a, 5b, 6a, and 0a �BL� dislocations are spectroscopically
active. A clearcut identification could be provided by atomi-
cally resolved images. However, we could not achieve
atomic resolution on such a large area that dislocations could
be identified. This is partly a consequence of the dislocations
being spread out by strain relaxation �see Ref. 14�.

In summary, we found complementary pairs of disloca-
tions in closely packed BL and TL islands with one disloca-
tion of each pair �except for dislocations inside fcc islands�
showing up as a bright line in an STS image taken at U=
−0.45 V. The bright spectroscopic feature is due to a shift of
the corresponding electronic state towards higher binding en-
ergy. Dislocations are extended over several unit cells, which
can be explained by a strain relaxation of dislocations. Ob-
viously, the strain relaxation in Co�111� is much more pro-
nounced compared, e.g., to dislocations observed in Ir�111�.
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