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The surface topography of a kinked vicinal surface of Au�111� is characterized by in situ grazing incidence
small-angle x-ray scattering and scanning tunneling microscopy. The step edges exhibit a long range ordering
of kinks which is attributed to the repulsive interaction between the kinks and the surface reconstruction. The
kink size and ordering are revealed by three-dimensional measurements of the reciprocal space close to the
origin and by a detailed analysis performed in the framework of the ideal paracrystal model. The growth of Co
clusters on this surface gives rise to a long-range ordering induced by the surface reconstruction and revealed
by the interferences between the x-ray waves scattered by the steps and/or kinks and by the Co clusters. These
results are completed with in situ grazing incidence x-ray diffraction measurements, providing a crystallo-
graphic description of the Co clusters.
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I. INTRODUCTION

Growing identical nanostructures on a surface is of great
interest both for applied and fundamental physics. In that
view, the use of spontaneously prepatterned substrates at the
nanometer scale is a promising way to induce the nucleation
and growth of clusters on specific sites. This approach not
only leads to a regular network of clusters, but also to a
narrow size distribution and, thus, to well defined
properties.1–5 Many different attempts of organized growth
on prepatterned surfaces have been performed using disloca-
tions, facets, or surface reconstructions. Among them, the
growth of Co clusters on the Au�111� reconstruction is one of
the most famous example of ordered growth on metal
surfaces.6 The reconstruction of the Au�111� surface relieves
the stress due to the low coordination of the top atomic layer
and provides preferential nucleation and growth sites for Co.
The main advantages of the Au�111� reconstruction over
other prepatterned surfaces are its large unit cell ��15
�7 nm2� and its robustness in temperature. However, the
growth is well ordered only over areas of �100�100 nm2.
At larger scales, different variants of the so-called herring-
bone surface reconstruction coexist, thus limiting the long-
range order. Moreover, defects, mainly steps, affect the co-
herence of the network. The use of vicinal surfaces of
Au�111� allows us to overcome both drawbacks of the nomi-
nal surface. Breaking the symmetry, only one variant of the
reconstruction is favored and steps are now ordered and par-
ticipate in the patterning of the surface.7 The terrace width
can be tuned to adapt the patterning periodicity8 provided
that �i� the terraces are wide enough to develop the

reconstruction7 �e.g., Au�322�, Au�755�, and Au�233� are un-
reconstructed�, �ii� the distance between steps is small
enough to allow elastic interactions between steps to orga-
nize them in a regular staircase,9 and �iii� the surface is stable
against faceting.7,10 For instance, vicinal surfaces misori-
ented toward �21̄1̄� ��100� step edges� undergo usually a
faceting �e.g., Au�433�, Au�11 9 9�, and Au�12 11 11��,
whereas for opposite azimuth angles ��2̄11�, �111� step
edges�, surfaces are stable between 2.2° and 4° misorienta-
tion angle. Therefore, the vicinal surfaces must exhibit �111�
step edges,7,11 and the terrace width can be tuned from
3.4 nm �4°� for the Au�677� surface to 5.8 nm �2.2°� for the
Au�11 12 12� surface.

In the present work, we have studied the kink ordering
along the step edges of a vicinal surface of Au�111� close to
a Au�677� surface, which, in addition, was slightly disori-
ented azimuthally. A strong interplay between the kinks and
the surface reconstruction is put in evidence. This interaction
gives rise to a well-ordered two-dimensional �2D� network
of kinks. Then this substrate has been used as a template for
the organized growth of Co clusters. The nucleation sites of
the clusters are located close to the crossing between the step
edges and the reconstruction, and show a long-range order-
ing. The surface topography of the bare substrate �kinks and
steps�, and then the position and the size of the Co clusters
are highlighted by the complementary use of scanning tun-
neling microscopy �STM� and in situ grazing incidence
small-angle x-ray scattering �GISAXS�.12 The former pro-
vides in real space details of the local surface topography,
whereas the latter reveals in reciprocal space the main sur-
face features. The main drawbacks of near field microscopy
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are the lack of knowledge of the tip interaction with the
surface and the convolution effect of the tip with the surface.
On the contrary, x-ray scattering techniques are quantitative
tools as the scattering process is well described through
the Born approximation �or distorted wave Born
approximation13�, which results from the very weak scatter-
ing cross section of x-ray with matter. The use of real space
imaging techniques is, however, the key point to build a
realistic model of the surface and to guide the quantitative
analysis of the x-ray scattering data.

In that view, the topography of the bare surface is first
studied by scanning tunneling microscopy. Then a three-
dimensional �3D� map of reciprocal space is measured by
GISAXS, and the result is analyzed quantitatively from a
detailed 3D model of the surface topography developed
thanks to the microscopy images. This model is based on the
paracrystal theory,14 with an appropriate choice of the el-
ementary unit. It is revealed that kinks are long-range or-
dered along the step edges and from step to step. From STM
and GISAXS data, we show that this behavior is induced by
a kink-reconstruction interaction. Concerning the ordered
growth of Co clusters, the long-range ordering of kinks and
steps provides a powerful tool to localize the Co clusters
thanks to the interferences between the waves scattered by
the surface topography �steps and kinks� and those scattered
by the Co clusters. Finally, complementary in situ grazing
incidence x-ray diffraction �GIXD� measurements have been
performed on the same sample at different stages of the Co
growth. The crystallographic structure and the relaxation of
the lattice parameter of the Co clusters and film are charac-
terized as a function of deposit.

II. EXPERIMENTAL METHODS

The vicinal surface of Au�111� was prepared in ultrahigh
vacuum �UHV� by cycles of ion bombardment and anneal-
ing. Ion bombardment was performed with Ar+ �1 keV,
PAr+ =2�10−6 mbar� for 1 h to remove the contaminants.
Then the surface was annealed at 900 °C for a few minutes
to recover a crystalline surface. The Co was evaporated in
situ with an electron bombardment deposition cell �EFM4
from Omicron� with a high purity rod of Co �99.99%�. The
Co flux, around 0.1 ML /h, was calibrated with a quartz mi-
crobalance and the pressure was kept below 10−9 mbar dur-
ing deposition. To study the surface topography and the
growth of Co at room temperature �RT�, in situ GISAXS
measurements were performed at the European Synchrotron
Radiation Facility �ESRF, Grenoble, France� using the UHV
surface diffraction setup of the BM32 bending magnet
beamline.15 The sample is mounted vertically on the head of
a six-circle diffractometer �“z-axis type”� which holds the
UHV chamber �base pressure of 1�10−10 mbar�. The x-ray
beam was sagitally focused on the sample with horizontal
H=0.4 mm and vertical V=0.3 mm sizes �full width at half
maximum, FWHM�, corresponding to divergences of �H
=1 mrad and �V=0.13 mrad, respectively. The incident x-ray
beam of 18 keV energy ��=0.06888 nm� was used under
grazing incidence, at the critical angle of Au ��i=�c

=0.25° �. The intensity scattered by the surface has been col-

lected at wide angles �GIXD� with a standard NaI detector.
The vertical acceptance was set to 0.2° for the in-plane
scans. For GIXD measurements, the hexagonal surface unit

cell of the terrace plane is used �A=B=a /	2�. C� is aligned
along the �111� direction �C=a	3�, where the indices refer to
the fcc unit cell and a �0.4078 nm� is the lattice parameter of
Au. The corresponding reciprocal coordinates �HKL� are de-

fined in the �A� * ,B� * ,C� *� basis �see Fig. 1�. GISAXS images
have been collected on a high grade 16-bit charge coupled
device camera �1152�1252 pixels, pixel size 56.25
�56.25 �m2� at a sample distance of 0.885 m. The out-of-
plane exit angles and the in-plane exit angles were ranging,
respectively, between 0 and 4.6° for � f and between −2.1°
and +2.1° for 2� f. They allow us to define the wave vector
transfer coordinates �qx ,qy ,qz� through16,17

qx = k0�cos�� f�cos�2� f� − cos��i�� ,

qy = k0�cos�� f�sin�2� f�� ,

qz = k0�sin�� f� + sin��i�� ,

k0 = 2�/� . �2.1�

The transmitted and specularly reflected beams were hid-
den by beamstops and guard slits implemented inside the
UHV chamber.18 The recording time for GISAXS measure-
ments was typically a few minutes. The STM images were
obtained on the same substrate in the constant current mode
with a tunneling current of 1 nA using a positive voltage of
1 V.

(H00)

(0K0)

(101)

(110)

(012)

Bragg peaks (L=0,1,2)

Reconstruction
satellite peak

Step satellite
peak

(00L)

, ,

FIG. 1. Schematic representation of the reciprocal space of a

vicinal surface of Au�111� tilted in the �2̄11� direction in the L=0
plane. �H00� and �0K0� are the axes of the reciprocal space in the
surface plane of the hexagonal lattice of Au�111�. The reciprocal
space nodes of Au are represented with circles, and indexed with
respect to the bulk Au fcc unit cell. The satellite nodes of the re-
construction and the step network are schematically shown as

squares and crosses around the �1̄20� Bragg peak.
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III. SCANNING TUNNELING MICROSCOPY AND
GRAZING INCIDENCE SMALL-ANGLE X-RAY

SCATTERING STUDY OF THE KINKED Au(677) SURFACE

A. Scanning tunneling microscopy measurements

The kinked Au�677� surface that we have studied �see Fig.
2� is very similar to the Au�788� surface, which has already
been described in previous papers �see for instance, Ref. 8�.
The surface is nominally tilted with respect to the �111� crys-

tallographic orientation by an angle of 4° in the �2̄11� direc-
tion �the indices refer to the fcc unit cell of Au�. It is made of
a regular staircase of monatomic steps �0.235 nm in height�
and 3.4 nm wide terraces. Similar to the Au�111� surface, the
terraces are reconstructed.19 However, only one variant of the
reconstruction is observed, due to an energetic raised degen-
eracy thanks to the symmetry breaking induced by the steps.
This reconstruction is visible in the STM images as double
lines,19 aligned perpendicularly to the step edges, in the

�2̄11� direction �see Fig. 2�a�, inset�. They reveal the pres-
ence of stacking faults between domains of fcc and hcp crys-
tallographic structures as already seen in the case of the
Au�788� surface.8,7

The step edges are slightly disoriented with respect to the

�01̄1� direction, which leads to the occurrence of kinks at the
step edges as seen by STM �see Fig. 2�a��. A close view
reveals that they are not monatomic kinks, but they pack
periodically and make tilted and diffuse areas. The STM im-
ages show that the kinks are trapped in between the stacking
fault lines, inside the fcc stacking areas, and are, therefore,
excluded from the hcp areas, which implies that the kinks are
ordered and follow the terrace reconstruction periodicity.
One can also notice the fuzzy aspect of kinks, which is an
indication of the mobility at RT of Au atoms along the step

edges.20 A parallelogram unit cell at the nanometer scale can
be drawn from the previous analysis �see Fig. 2�a�, inset�
with two nonorthogonal basis vectors a� and b� . a� is in the

�2̄11� crystallographic direction, and the length is equal to

the terrace width. b� is parallel to the mean step edge direc-
tion, i.e., slightly misoriented �angular offset 	� with respect

to the �01̄1� crystallographic direction because of the kinks.

The modulus of b� is equal to the reconstruction period. The
corresponding reciprocal space coordinate �hkl�, for the

GISAXS experiments, are defined in the �a�* ,b�* ,c�*� basis
where c�* is perpendicular to the mean surface plane �
c�*

=1 nm−1�.

B. Grazing incidence small-angle x-ray scattering
measurements

To get quantitative information on the long-range order
and the morphology of the kinks, in situ GISAXS measure-
ments have been performed and analyzed in the light of these
STM images. The intensity scattered by the surface has been
measured over a three-dimensional volume of the reciprocal
space in the small-angle regime: GISAXS patterns have been
recorded at different azimuths, rotating the sample by steps
of 1° over a large angular range �140°�. In Fig. 3 a projection
of the GISAXS intensity in the surface plane �l=0� is shown.
The �10l� and �20l� scattering rods from the step network are
visible, as well as �01l� and �02l� rods which arise from the
kink long-range order and are rotated by � /2−	. The angu-
lar offset 	 arises from the rotation of the mean step edge
orientation due to the kinks �see Fig. 2�a��. We have also
measured the higher order scattering rods �11l� and �12l�
coming from both periodicities. It is, thus, necessary to de-
velop a realistic model of the surface topography for which
the intensity scattered by the surface can be calculated in
three dimensions.

Two contributions have to be considered to evaluate the
GISAXS intensity: the surface topography �steps and kinks�
and the surface reconstruction. As the calculation is rather
complex, it is useful to estimate the different contributions.
The most important point is to compare the kinks and the
reconstruction contributions, which have the same periodic-
ity. A first rough estimation consists in considering the elec-
tronic density contrast involved in the scattering power by
the kinks and by the reconstruction. The kink’s contribution
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FIG. 2. �Color online� �a� STM image of the kinked Au�677�
surface. Inset: Zoom on the surface, where the vicinal staircase has
been subtracted numerically to highlight the double stacking fault

lines of the reconstruction. a� and b� are the base vectors of the unit
cell. The kinks are visible as diffuse and tilted area. The angular

offset 	 between the average step direction and the �01̄1� direction
is 5
1°. �b� Fourier transform of an image. Both period of the step
network and the reconstruction and/or kinks are put in evidence. �c�
Histogram of the terrace width performed over 20 000 profiles.

FIG. 3. �Color online� Experimental map of the reciprocal space
in the surface plane of the kinked vicinal surface of Au�111�. The
angular offset 	 deduced from this map is 	=4.95°.
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can be estimated by measuring the difference between a
straight monatomic step edge and a kinked one. From the
angular misorientation �	=5
1° from the STM images�,
there are three atomic kinks per period of the reconstruction,
i.e., a discrepancy of 
1.5 atomic row as compared with a
straight step edge. The corresponding difference in the elec-
tronic density of a terrace is 
10% �size 3.4 nm, 14 atomic
rows�. Concerning the reconstruction, the in-plane variations
of the electronic density can be estimated from previous
x-ray reflectivity measurements on the Au�111� surface.21 It
has been shown that the mean in-plane contraction of the top
layer is 4%. Thus, the expected in-plane variations of the
electronic density are confined in the top layer �equal to the
step height� and are about 
2%. Since the scattered intensity
is proportional to the square of the contrast in electronic
density, the scattering by the reconstruction is about 25 times
weaker than that from the kinks, and can be neglected. This
is in agreement with preliminary GISAXS measurements
performed under the same conditions on the Au�111�
surface:22 no intensity from the reconstruction was measur-
able. Supposing that the Au�111� reconstruction is similar to
the Au�677� one, we can conclude that the kinks are respon-
sible for the diffuse scattering observed at the periodicity of
the reconstruction. A similar comparison concerns the contri-
bution of steps to the scattered intensity. Is it the topography
of the steps or the elastic strain fields generated by these
defects that prevails in the small-angle scattering? A straight
step is a one-dimensional object, whereas the induced strain
field is bidimensional and propagates at large distances.
However, the very small compressibility of Au, thanks to a
Poisson coefficient close to 0.5 �0.412 �Ref. 23��, reduces the
amplitude of the dilatation field generated by steps and, thus,
the scattering power. Therefore, the step topography is pre-
dominant in the scattered intensity.

In conclusion, to first order, the intensity scattered at
small angles by the kinked Au�677� surface can be evaluated
by a topographic model only.

IV. MODEL OF STEPPED AND KINKED SURFACES
BASED ON THE PARACRYSTAL DESCRIPTION

A. Introduction

Diffraction by surfaces that are not perfectly periodic is a
classical problem in surface science. Since the pioneer work
of Lent and co-workers,24,25 the calculation of the intensity
scattered by different kinds of surface topographies has been
solved assuming e.g., generic terrace width distributions. The
two-level model, the vicinal surface, and the rough surface
are typical 2D morphologies for which the reciprocal space
is known. These calculations have mainly focused on the
scattering by the last atomic layer �helium atom scattering,
low energy electron diffraction26,27�. A more general model
should consider �i� a 3D description, for instance, in view of
the calculation of the intensity scattered by a kinked vicinal
surface and �ii� a sensitivity to deep layers for the calculation
of the diffraction by x ray. A model is proposed below that
extends previous results to x-ray scattering and provides a
3D description of surfaces in the case of a kinked vicinal
surface. Details of this approach are first given in the simple

cases of the vicinal surface and the two-level model. Then an
extension for the kinked vicinal surface is given.

B. Vicinal surface

The analysis of a vicinal surface at the nanometer scale
shows that despite disorder of the step positions, an elemen-
tary object without any size distribution28 can be defined. It
consists in a rectangle of monatomic height �h� starting at the
step edge and semi-infinitely extended into the bulk �see Fig.
4�. This object repeats according to a distribution law in
order to describe a whole vicinal staircase. That way the role
played by the step structure can be distinguished from that
played by the terrace width distribution. The intensity scat-
tered by the vicinal surface is the product of the modulus of

the form factor of the elementary object F̃vicinal�qx ,qz� times
the interference function, which can be modeled by a one-
dimensional �1D� model of disorder such as the
paracrystal14,29 model S�qx ,qz�:

I�qx,qz� = 
F̃vicinal�qx,qz�
2 � S�qx,qz� . �4.1�

The shape factor of the elementary object is

F̃vicinal = �
−h/2

h/2

eiqzzdz�
−�

0

eiqxx+�xdx =
− 2i

qxqz
sin�qzh

2
 ,

�4.2�

where � is the lineic absorption coefficient projected along
the x axis. It is neglected in the following because it is usu-
ally very small compared to the momentum transfer studied
by x-ray scattering.30

D

h

σ

x

z

c)

a)

b)
PT(x) h

d)
PT(x)

PS(z)

e)

PT(x) PS(z)

FIG. 4. Principle of the construction of a vicinal surface. �a�
Elementary object: a semi-infinite rectangle of height h. �b� A sec-
ond elementary object is shifted by a height h in the z direction and
by a distance d �terrace width� in the x direction. d is given by a
probability law PT�x� characterized by its mean value D and its
standard deviation �. �c� Step by step construction of the vicinal
staircase. Below is shown a schematic representation of the prob-
ability density of the position of step edges with respect to the
origin. �d� Vicinal surface assuming a positive step height distribu-
tion PS�z� for negative arguments �descending steps�. �e� Vicinal
surface assuming a positive terrace width distribution PT�x� for
negative arguments �overhangs�.
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The interference function S�qx ,qz� is the Fourier trans-
form of the autocorrelation function of the step positions
g�x ,z�. Within the paracrystal model, the step positions can
be seen as a Markov chain. Each step position is determined
from the position of its previous step and a terrace width
distribution law, PT�x�. This model predicts no long-range
ordering; this is a cumulative disorder model:

S�qx,qz� = TF�g�x,z�� ,

S�qx,qz� = 1 + �P̃T�qx�eiqzh + �P̃T�qx�eiqzh�2 . . . + c.c.� ,

�4.3�

where P̃T�qx� is the Fourier transform of the terrace width
distribution, and c.c. is the complex conjugate part. The sum

converges because 
P̃T�qx�
1, and yields

S�qx,qz� = Re� 1 + P̃T�qx�eiqzh

1 − P̃T�qx�eiqzh
� . �4.4�

Therefore, the intensity reads

I�qx,qz� = � 2

qxqz
sin�qzh

2
�2

Re��1 + eiqzhP̃T�qx��

1 − eiqzhP̃T�qx�
� ,

I�qx,qz� =
1

�qxqz�2Re�2
�1 − eiqzh��1 − P̃T�qx��

1 − eiqzhP̃T�qx�
� . �4.5�

The main advantage of this last expression31 is to put in
evidence the symmetric roles played by the terrace width and
the step height distributions as eiqzh is the characteristic func-
tion of the step height distribution PS�z�. This result can be
generalized28 for any step height distribution and reads

I�qx,qz� =
1

�qxqz�2Re�2
�1 − P̃S�qz���1 − P̃T�qx��

1 − P̃S�qz�P̃T�qx�
� .

�4.6�

The prefactor 1
�qxqz�2 arises from two contributions. The 1

qz
2

term can be assigned to the truncation of the nominal surface
�i.e., without step�, the so-called crystal truncation rod, in the
small-angle regime and the 1

qx
2 can be assigned to the trunca-

tion of a semi-infinite terrace by a step. Following
Robinson,32 it can be called terrace truncation rod. This pref-
actor can be generalized to wide-angle diffraction replacing

1
�qxqz�2 by 1

�2 sin�qxa/2�2 sin�qzc/2��2 in the cubic case,28 and consid-

ering distribution of spacing with discrete values �to keep the
crystallographic lattice periodicity�. To make sure that the
vicinal surface is single valued, it is necessary to add a con-
straint on the distributions of terrace width and step height:
they cannot be both strictly positive for negative arguments.
However, one of the distributions can have negative argu-
ments, e.g., a negative step height �see Fig. 4�d�� is simply a
descending step �see Ref. 28�. In the case of negative terrace
width, overhangs happen, which are nonphysical situations
for vicinal surfaces �see Fig. 4�e��, but this may be useful to
describe fracture profiles.33

As an example, for a fixed step height and a Gaussian
terrace width distribution:

PT�x� =
1

	2��
e−�x − D�2/2�2

, PS�z� = ��z − h� ,

where D and � are, respectively, the mean terrace width and

the standard deviation. P̃T�qx� and I�qx ,qz� read explicitly

P̃T�qx� = �eiqxD with � = e−�qx��2/2

I�qx,qz� = � 2

qxqz
sin�qzh

2
�2 1 − �2

1 + �2 − 2� cos�qzh + qxD�
.

�4.7�

In the previous expression, the phase term cos�qzh+qxD�
shows that the scattering rods are tilted with respect to the
terrace plane and aligned perpendicular to the macroscopic
surface plane. Before studying the kinked vicinal surface
model, a second classical example, the two-level model, can
be solved with the same approach.

C. Two-level model

The two-level model allows us to evaluate the intensity
scattered by a smooth surface. The roughness is modeled by
the alternation of upward and downward steps �see Fig. 5�.
Choosing as elementary object the same as for the vicinal

surface F̃+�qx ,qz�, i.e., a semi-infinite rectangle starting at the
step edge, the two-level model can be built, alternating on
the surface this elementary object and its exact opposite,

F̃−�qx ,qz�=−F̃+�qx ,qz�:

F̃
�qx,qz� = 

2i

qxqz
sin�qzh

2
 . �4.8�

To describe the spatial arrangement of upward and down-
ward steps, we use the 1D-paracrystal model where the
nodes are alternatively filled by the elementary object and its

opposite. Writing down respectively P̃+�qx� and P̃−�qx� the
characteristic functions of the up z= +h /2 and down
z=−h /2 terrace width distributions, the intensity for off-
specular scattering28 �qx�0� reads

D1
xD2

σ1 σ1+σ2

h

-

=

+
-

FIG. 5. Construction of the two-level model. The elementary
object is identical to the one used for the vicinal surface, i.e., a
semi-infinite rectangle of height h. The principle of the construction
of the two-level model is to sum alternatively this object and its
opposite shifted along the x direction. The probability law may
depend on the nature of the object.
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I�qx,qz� = � 2

qxqz
sin�qzh

2
�2

Re��1 − P̃+�qx���1 − P̃−�qx��

1 − P̃+�qx�P̃−�qx�
� .

�4.9�

This result is in agreement with previous results of Pukite et
al. �see Ref. 25� and Croset and de Beauvais �see Ref. 27�,
except for the additional prefactor 1

qz
2 which corresponds to

the contribution of deep layers. The 1
qz

2 is, in fact, the crystal
truncation rod term32 in the small-angle regime. It can be
generalized to � 1

2 sin�qzh/2� �2 assuming the discrete nature of

the crystallographic lattice perpendicular to the surface. To
make sure that the two-level model is single valued, it is
necessary to choose P+�x��0 and P−�x��0.

D. Kinked vicinal surface

To simplify, we consider first a kinked vicinal surface
with a fixed step height, h, and a fixed kink lateral size, k. As
for the vicinal surface, one has to find an elementary object
that repeats regularly on the surface. This object is a semi-
infinite row parallel to a step edge, starting at a kink site and
going into the bulk of the material along the y axis. It can be
modeled as a semi-infinite parallelepiped of height h and
lateral size k �see Fig. 6�. Its form factor reads

F̃kinked vicinal = �
−h/2

h/2

eiqzzdz�
−k/2

k/2

eiqxxdx�
−�

0

eiqyy+�ydy

=
− 4i

qxqyqz
sin�qzh

2
sin�qxk

2
 . �4.10�

A more detailed atomic structure of the kinks can be con-
sidered. However, the GISAXS technique is not sensitive to
it, contrary to grazing incidence x-ray diffraction for which a
precise crystallographic description of the structure is neces-
sary.

Then the kinked vicinal surface is built as an infinite as-
sembly of these objects arranged along two main directions:
along the step edge and perpendicular to the steps, to take
into account the spatial correlations between kinks from step
to step. Both directions are decoupled by hypothesis and the
kink positions are obtained through the ideal 2D-paracrystal
model14 assuming distance distributions between nearest
neighbor kinks. The kink positions are obtained step by step
from the probability law of the distance between the first
neighbor kinks in the two main directions. This hypothesis is
questionable because kinks interact via long-range interac-
tions �e.g., elastic interaction�. This problem exists also for
steps for which there are correlations with far steps arising
from elastic interactions. However, this makes the analysis
much more complex and our purpose is to give an analytical
calculation of the intensity scattered by a kinked vicinal sur-
face assuming generic distance distributions between first
neighbors steps and kinks. An appropriate choice of the
probability distributions may allow us to take partially into
account the long-range interactions. This model also ensures
that single valuedness of the surface is strictly preserved in
the building process.28 This is true whatever the choice of the
probability distribution. Indeed, at each step of the building
process of the surface morphology, the elementary building
blocks are shifted either along z �step height� or along x
�kink width�. Concerning overhangs, they can be avoided if
the terrace width distribution and kink-kink distance distri-
bution are null for negative arguments.28

In summary, we are in the simple case of an elementary
object ordered along two directions modeled in the frame-
work of the ideal 2D-paracrystal model. In the direction par-
allel to the mean step edge:

S��qx,qy� = Re� 1 + eiqxkP̃S1
�qy�

1 − eiqxkP̃S1
�qy�
� , �4.11�

where P̃S1
�qy� is the characteristic function of the distance

separating two nearest neighbor kinks along the step edge.
This calculation is exactly the same as for the vicinal surface.

For the direction perpendicular to the step edges:

S��qx,qy,qz� = Re� 1 + eiqzhP̃T�qx�P̃S2
�qy�

1 − eiqzhP̃T�qx�P̃S2
�qy�
� , �4.12�

where P̃T�qx� and P̃S2
�qy� are, respectively, the characteristic

functions of the terrace width distribution and of the distance
distribution along y of two kinks on two adjacent steps �see
Fig. 6�.

The kinked surface of Au�677� under study is slightly
more complex. From the STM images �see Fig. 2�, it was
clearly observed that many kinks are packed together. These
multikinks are modeled as a large kink and a size distribution
PK�x� instead of eiqxk. The previous result can be generalized

h
k

PS1
(y)

PT(x)

k h

PS2
(y)

Elementary object

O

z

y

x
1

2

2’

3’

3

FIG. 6. �Color online� Scheme of the principle of the construc-
tion of a kinked vicinal surface �fixed kink and step dimensions�.
Elementary object: a parallelepiped of height h, width k, and semi-
infinitely extended in the y direction. The surface is built similarly
to the vicinal surface, adding step by step elementary objects along
two directions: along the step edges �object 1, 2, 3,…� and perpen-
dicular to the steps �object 1 ,2� ,3� , . . .�. A probability law PS1

�y�
provides the distance distribution between the kinks at the step
edges, and two probability laws give the terrace width PT�x� and the
relative displacement in the y direction of two neighboring kinks at
adjacent step edges, PS2

�y�.
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for any kink size distribution �fixed step height, h�:

I�qx,qy,qz� = � 1

qxqyqz
�2

2 Re��1 − P̃S1
��1 − P̃K�qx��

1 − P̃S1
P̃K�qx�

�
�2 Re��1 − eiqzh��1 − P̃T�qx�P̃S2

�qy��

1 − eiqzhP̃T�qx�P̃S2
�qy�

� .

�4.13�

In summary, the total number of size distributions is 4. To
give explicit expressions, they are modeled by Gaussian laws
characterized by their first two moments, i.e., mean size and
standard deviation. Gaussian distributions are commonly
used because their Fourier transform is easy to compute.
However, these distributions are not strictly equal to zero for
negative arguments which correspond to nonphysical situa-
tions. We expect, in our case, that only small changes could
be obtained considering more appropriate distributions be-
cause the distributions are narrow enough, which makes
negative arguments highly improbable. From this model, it is
possible to extract the kink size distribution PK�x�, the kink-
kink distance along the step edges PS1

�y�, the terrace width
distribution PT�x�, and the distribution of distances along
�Oy� of two kinks located on two neighboring step edges,
PS2

�y�. One can also notice the prefactor � 1
qxqyqz

�2. It arises
from the truncation of the semi-infinite flat crystal, 1

qz
2 ; the

truncation of a semi-infinite terrace by a step, 1
qx

2 ; and the

truncation of a semi-infinite step edge by a kink, 1
qy

2 , which
can be called step truncation rod.28

V. QUANTITATIVE ANALYSIS OF GRAZING INCIDENCE
SMALL-ANGLE X-RAY SCATTERING FROM A

STEPPED AND KINKED SURFACE

The principle of the analysis is to fit the GISAXS inten-
sity of a kinked Au�677� surface thanks to the previous
model. In comparison with Eq. �4.13�, a rotation of the co-
ordinates of reciprocal space is necessary since GISAXS ex-
periments are performed at constant incident angle with re-
spect to the average surface plane, which is tilted compared
to the terrace plane. The azimuth angle is � ��=0 corre-
sponds to an incident beam aligned along the mean step edge
orientation, see Fig. 7�. Then the morphological parameters
are obtained by fitting the experimental data. The fit proce-
dure uses the ISGISAXS software17 using a �2 criterion, with
error bars proportional to the square root of the intensity. As
the experiment has been performed under grazing incidence,
i.e., at the critical angle of Au, the simulations must be per-
formed in the framework of the distorted-wave Born
approximation13,34 �DWBA�, considering the kinked vicinal
surface morphology as roughness. The reference plane is a
planar Au surface. In the framework of this model, the inten-
sity is proportional to the square moduli of the Fresnel trans-
mission coefficients of Au at the angles of incidence and
emergence multiplied by the square modulus of the form
factor of the kinked vicinal surface �Eq. �4.13��, but chang-

ing the vertical component of the momentum transfer due to
the refraction at the vacuum/Au interface. The model is able
to reproduce all the features of the reciprocal space, i.e., the
scattering rods from the steps, the kinks, and higher order
terms. Thus, all the parameters have been fitted simulta-
neously using all the data set. GISAXS patterns have been
collected at many azimuths, providing a 3D measurement
close to the origin of the reciprocal space. Only a fraction of
this huge data set could be used for the fit. For that sake,
cross sections of intensity have been extracted from different
GISAXS images �see Fig. 7�: 15 cross sections have been
used corresponding to the �10l� scattering rods �from the
steps�, 13 arise from the �01l� scattering rods of the kink
network, and 11 from a higher order scattering rod, i.e., the
�11l�. Such a large amount of data constrains the parameters
of the model. Although, in principle, the results cannot be
dissociated, fits of the different rods are represented sepa-
rately. Note that the relative amplitude of the scattering rods
is well reproduced by the model, more particularly, the 2
orders of magnitude between the intensity of the scattering
rods.

A. Scattering rods from periodic steps

The main characteristic feature of the intensity scattered

by the steps is the asymmetry between the �10l� and �1̄0l�

FIG. 7. �Color online� Example of a GISAXS pattern. � is the
incident angle perpendicular to the surface; � is the in-plane orien-
tation �azimuth angle� of the incident x-ray beam with respect to the
average step direction. Here, the x-ray beam is offset by �=6° with
respect to the mean step edge direction. The scattering rod arising
from the step network crosses the Ewald sphere at large out-of-
plane angle. Two cross sections �dotted lines� of intensity are ex-
tracted from this 2D map to fit the parameters of the model.
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scattering rods �see Fig. 8�. It arises from the lack of mirror
symmetry of the surface topography and the effect is all the
more pronounced as l is large, i.e., far from the condition of
application of Friedel’s law.35

The experimental data and the simulated ones after fitting
the parameters are shown in Fig. 9. The agreement is good
except at large out-of-plane exit angle �� f�, where the model
predicts a too large intensity. This can be explained by the
roughness at the step edges �the terraces are smooth�, which
is not included in the model. Such roughness would induce a

damping of the intensity for increasing qz and, therefore,
improve the fit at large l. The second discrepancy with the
experimental data comes from the position and the intensity
of the so-called Yoneda peak.36 From the DWBA theory, an
increase of the intensity should occur when the emergence
angle is equal to the critical angle of Au �0.25°�. An increase
of the intensity followed by a maximum is, indeed, observed
at small exit angles, but not at the expected position, and
moves as a function of the azimuth angle. This discrepancy
is all the more pronounced as the incident beam is rotated
from the mean step edge orientation. This shows that a more
rigorous DWBA theory is probably needed to precisely de-
scribe the intensity scattered by well-ordered surfaces at very
small exit angles. Note, however, that, except at these loca-
tions where multiple scattering is predominant, the fit is cor-
rect. From the fitted parameters, complete 2D GISAXS pat-
terns have been simulated for different azimuths �see Fig. 10�
to check the validity of the model. Most of the scattered
intensity is very well reproduced except for a curved scatter-
ing rod, which is simulated but does not appear in the data. It
can be attributed to the terrace truncation rod term in the
model. This discrepancy comes from the step edge roughness
which is not properly taken into account, and which should
attenuate the intensity very quickly. From the fit, the main
extracted parameters are the mean terrace width and the stan-
dard deviation.

B. Scattering rods from periodic kinks

The FWHM of the �01l� scattering rods arising from the
kink network is extremely small. This indicates a long-range
ordering of the kinks �200 nm�, which confirms the essential
role played by the surface reconstruction that traps the kinks
�see Fig. 11�. For the same reason as for the steps, i.e., the
lack of mirror symmetry of the surface, the scattering rods
from the kink network are also asymmetric. The intensity is
about 1 order of magnitude smaller than for the step network.

After the fit procedure, the scattering rods are well repro-
duced by the simulations �see Figs. 11 and 12�. The most
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sensitive parameters of the fit for these scattering rods are the
mean kink-kink distance along the step edges as well as the
standard deviation of the distribution.

C. Higher order term: The „11l… crossed scattering rod

The intensity of the �11l� scattering rod has not been used
to fit the parameters because the model was already con-
strained enough, and all information were obtained on other
rods. Despite that, a very good agreement between the simu-
lations and the experimental �11l� is found �see Figs. 13 and
14�. The quality of the fit is highlighted by the fact that 2
orders of magnitude separate the intensity of the �10l� scat-
tering rods of the step network and the intensity of the �11l�
scattering rod.

D. Comparison of scanning tunneling microscopy and grazing
incidence small-angle x-ray scattering results

The results deduced from the fit procedure are synthesized
in Table I. The angular misorientation of the mean step edge

with the �1̄10� direction determined by GISAXS is 4.95°. It
is smaller than the one deduced from the STM images
��5
1° � because the misorientation angle is precisely de-
fined on a macroscopic scale and not on a local scale, and the

determination of the crystallographic �1̄10� direction is diffi-
cult. The mean terrace size is 3.42 nm, in good agreement
with the one obtained by STM. The standard deviation of the
terrace width distribution �0.23 nm� is about twice smaller
than the one deduced from the STM data �0.5 nm�. This
difference arises mainly from the different definitions of the
terrace width distributions. For the STM analysis, the terrace
width distribution includes the fluctuations of the step-step
distance �assuming straight lines�, the fluctuations of the kink
positions, and the fluctuations of their size. The quantitative
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analysis of the GISAXS data makes the distinction between
these three contributions. By combining these three broaden-
ing effects, the STM value is recovered.

The specific parameters that can be deduced from the
GISAXS analysis are the following: the kink size is 3
1.5
monatomic kinks that are packed together. They are well
ordered along two directions: �i� From step to step, the kink
distance is T=3.42 nm �mean terrace size�, with a standard
deviation �T=0.23 nm. The relative position of two neighbor
kinks along two adjacent step edges is centered around zero
�S2=0 nm� with a very narrow distribution ��S2

=0.3 nm�.
Thus, the kinks are aligned perpendicular to the steps. This
result illustrates the crucial role of the reconstruction, which
induces the ordering of the kinks from step to step �see Fig.
2�a�, inset�. �ii� In the direction parallel to the step edges, the
kinks are ordered according to the period of the reconstruc-
tion, S1=8.04 nm, with a standard deviation �S1

of 0.62 nm.
The period of the kink’s position �i.e., the period of the re-
construction� is larger than the one observed on Au�111� vici-
nal surfaces with smaller miscut angles:7 6.3, 7, 7.2, and
8.0 nm, respectively, for the Au�111�, �11 12 12�, �788�, and
�677� surfaces. This reveals that steps, and at some points,
kinks, give additional possibilities to the surface to relieve
the surface stress9,37 and, therefore, the periodicity increases.

VI. GROWTH OF Co CLUSTERS STUDIED BY GRAZING
INCIDENCE SMALL-ANGLE X-RAY SCATTERING

The GISAXS study of the Co growth has been performed
in real time, without interruption of the deposit. A qualitative
understanding of the evolution of the intensity as a function
of deposition time gives an insight on the growth process.
Initially, the intensity decreases on the �10l� scattering rod
�step array� and increases on the �01l� scattering rod �kink
array�. Only interference effects between the waves scattered
by the surface and the Co clusters can explain these effects:
the waves scattered by the Co clusters interfere destructively
with those scattered by the steps, and constructively with
those scattered by the kinks. Therefore, the Co clusters grow
at the step edges and in between two kinks, which is in
agreement with STM images of the growth of Co on
Au�788�.7 To extract more information on the Co growth, the
interference effects have to be interpreted more precisely. A
statistical model of the surface topography and the Co clus-
ters has to be developed to simulate the GISAXS patterns.

However, the previous model, developed for the bare sur-
face, cannot be applied for supported Co clusters in a
straightforward way. The basic idea is to use another elemen-
tary object. A semi-infinite parallelepiped such as that used
for the bare surface can be used with an additional Co cluster
on top at a given position �see Fig. 15�. No size distribution
is included in the model �fixed kink size, fixed step height,
and fixed Co cluster shape and size�. That way the surface is
entirely built considering this elementary object and two
main directions for the periodicity. The intensity reads

I�qx,qz� = � − 4i

qxqyqz
sin�qzh

2
sin�qxk

2


+ F̃Coe
i�qxV−qyU��2

Re��1 + eiqxkP̃S1
�qy��

�1 − eiqxkP̃S1
�qy��

�
�Re��1 + eiqzhP̃T�qx�P̃S2

�qy��

�1 − eiqzhP̃T�qx�P̃S2
�qy��

� , �6.1�

where F̃Co is the form factor of the Co clusters, and U and V
are their relative positions from the kink site, respectively,
along the directions �Oy� and �Ox� �see Fig. 15�. The Co
cluster model is based on the analysis of the growth of Co on
Au�788� at RT.38,39 It has been shown that the clusters have
approximately a cylindrical shape with an elliptic base and a
fixed height �2 ML� �see Fig. 15�. The form factor of the Co
clusters is

F̃Co�qx,qy,qz� = 2�DLH
J1�	�qxD/2�2 + �qyL/2�2�

	�qxD/2�2 + �qyL/2�2

sin�qzH/2�
qzH/2

,

�6.2�

where J1 is the Bessel function of the first kind �first order�.
The results of the fits show good agreement between the

simulated GISAXS patterns and the experimental ones �see
Fig. 16�. The morphological parameters of the Co clusters
can be estimated as well as their position relative to the kink
sites �Table II�.

The results are also in good agreement with the STM
experiments performed on the Au�788� surface. Note that
although the position V of the cluster center with respect to
the step edge varies, we find that the cluster edge always
touches the step edge, as shown in Fig. 15�c�. This result is
in agreement with previous STM experiments on Au�788�

TABLE I. Topographic parameters of the kinked Au�677� surface deduced from the quantitative analysis
of GISAXS data. The step height is fixed at 0.235 nm. The values deduced from STM images are in brackets.

Kink-kink distances

Kink size Step PS1
Terrace PT Kink PS2

Width
�nm�

Distribution
�nm�

Height
�nm�

S1

�nm�
�S1

�nm�
T

�nm�
�T

�nm�
S2

�nm�
�S2

�nm�

0.7 0.35 0.235 8.04
�8.0�

0.62 3.42
�3.4�

0.23
�0.5�

0 0.3
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that have shown that the clusters nucleate at the upper step
edge and grow toward the center of the terrace. The clusters
are anisotropic and are elongated along the step edges, which
is typical of the growth at room temperature.39

VII. GROWTH OF Co CLUSTERS STUDIED BY GRAZING
INCIDENCE X-RAY DIFFRACTION

GIXD measurements have been performed at RT for dif-
ferent stages of the Co growth, i.e., from the bare surface to
a 15 ML thick film of Co. At the very beginning of growth,

scans around the �1̄ 2 0� and �2̄ 0 5 /2� coordinates of the

hexagonal basis �A*� ,B*� ,C*� � reveal the period of the recon-
struction �see Figs. 17�a� and 17�b��. The period is in perfect
agreement with GISAXS results. As the amount of Co in-
creases, the characteristic satellite peaks arising from the re-
construction period disappear progressively. However, more
than 3 ML of Co are necessary to suppress the reconstruc-
tion. It shows that the reconstruction on the kinked Au�677�
is more robust than on the Au�111� surface, which disappears
after only 1 ML of Co.40 Concerning the step period, scans in
the �H 1 1 /2� direction cross the scattering rods of the step
network in anti-Bragg conditions �see Fig. 17�c��. The period
deduced from the peak spacing is compatible with the value

TABLE II. Morphological parameters of the Co clusters de-
duced from the fit. H has been fixed at 0.4 nm �2 ML height� and U
at 4.02 nm �i.e., the Co clusters are in between the kinks�.

Deposit
�ML�

D
�nm�

L
�nm�

H
�nm�

U
�nm�

V
�nm�

0.2 1.2 1.2 0.4 4.02 0.25

0.4 1.4 2 0.4 4.02 0.35

0.6 1.6 2.7 0.4 4.02 0.4

0.8 1.7 3.3 0.4 4.02 0.45
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FIG. 15. �Color online� �a� Co clusters are modeled by cylinders
with an elliptic base to take into account their shape anisotropy.
Their height is fixed at 2 ML. �b� The elementary object is built as
the superposition of a semi-infinite parallelepiped and a Co cluster
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modeled by an ideal 2D paracrystal. The main directions are the
step edge and perpendicular to the steps.
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FIG. 17. �a� GIXD scans measured along the �H̄ 2H 0.1� direc-
tion for increasing coverage of Co. The satellite peaks of the recon-
struction decrease continuously with coverage �see arrows� and a
broad Bragg peak of Co increases. �b� Same as before for scans

measured along the �2̄+H 2H 5 /2� direction. �c� GIXD scans along
the �H 1 1 /2� direction, i.e., in anti-Bragg condition of the step
network. �d� L scan at �1.128 2.256 L� for 5 ML of Co. The spacing
between the first two peaks is about �L=3.4 indicating that Co is
mainly fcc.
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deduced from GISAXS measurements. As the amount of Co
increases on the surface, the high order scattering rods are
damped, showing that the Co clusters roughen/strain the step
edges. However, at 3 ML of Co, the two main peaks of the
step array do not decrease anymore, revealing that the
stepped structure of the underlying Au surface is kept even at
large coverage.

Concerning the Co crystallographic structure, a broad
peak at �1.13 2.26 0� is visible for a coverage of 1 ML �see
Fig. 17�a��. This suggests that the Co clusters are already
partially relaxed at the beginning of growth. The peak posi-
tion only slightly shifts as a function of deposit due to the
relaxation of the lattice parameter toward the bulk value
�peak position at �1.15 2.3 0��. To extract information on the
crystallographic stacking of Co, an L scan at the Co lattice
parameter �see Fig. 17�d�� has been performed for 5 ML of
Co. It shows a distinct peak at L=3.4, indicating that the Co
film is mainly fcc as observed by Girard et al. on vicinal
surfaces of Au�111�.41 Concerning the periodicity of the Co
clusters on the surface, it is instructive to note that no char-
acteristic feature, such as a Dirac comb, is visible on the Co
diffraction peaks as expected from the long-range order mea-
sured by GISAXS. This result can be assigned to the incom-
mensurability of Co and Au crystallographic structures and
to the inhomogeneous strain field inside the Co clusters in-
duced by the substrate. Therefore, the Co clusters look com-
pletely disordered from the GIXD data. Contrary to
GISAXS, GIXD is sensitive to displacements at the atomic
scale. This makes GISAXS and GIXD complementary tools
for the study of self-organized systems since GISAXS pro-

vides information on the long-range order, and GIXD on the
crystallographic structure.

VIII. CONCLUSION

The kink ordering on a stepped surface of Au�111�
slightly disoriented azimuthally has been characterized in
situ by STM and GISAXS. A volumetric measurement of the
reciprocal space has been performed at small angles and ana-
lyzed in the framework of a dedicated model based on the
2D ideal paracrystal.14 From the fit, a description of the bare
surface has been deduced including the step network and the
kinks at the step edges. The long-range order of the kinks is
clearly put in evidence and assigned to their interaction with
the surface reconstruction. They are trapped inside the fcc
stacking areas of the surface, i.e., in between the stacking
fault lines as shown by STM.

Concerning the growth of Co, the interference between
the waves scattered by the surface and by the clusters allows
us to localize the Co clusters at the step edges and between
the kinks. Their size and shape could also be estimated as a
function of coverage. Finally, in situ GIXD measurements
have yielded complementary information on the crystallo-
graphic structure of the Au substrate and the Co clusters.
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