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The surface morphology of submonolayer Co deposits on Cu has been investigated by analyzing the profiles of surface X-ray
diffracted beams along parallel momentum transfer directions. The profiles may be decomposed in two components of different
width. The wide component contains direct information on the sizes of the cobalt islands. A two-level model gives a good description
of the data for coverages below 0.5 ML. The kinetics of the island rearrangement involving the growth of large islands at the expense

of small ones has also been investigated.

1. Introduction

The suitability of diffraction techniques to study
the disorder and defects of crystalline surfaces has
been recognized since many years {1,2]. Imperfec-
tions on a surface broaden a diffracted beam,
which contains information on the statistical dis-
tribution of surface defects [3,4]. The control and
characterization of the surface perfection is very
important in different areas of surface science. In
epitaxial growth of thin films or superlattices,
imperfections may alter in an undesirable way the
electronic properties of the films. The most utilized
techniques to characterize growth perfection are
electron diffraction either LEED or RHEED.
These techniques are relatively simple from the
experimental point of view but have the disad-
vantage that the interpretation is complicated by
multiple scattering effects. Recently, the advent of
high resolution LEED apparatus with transfer
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widths as large as 200 nm has given new breath to
these studies [5,6]. On the other hand, neutral
atom scattering for low defect densities and X-ray
diffraction are purely kinematical techniques that
allow, in a simple way, the extraction of quantita-
tive information on the distribution of surface
defects [7,8].

In this Letter we present an X-ray diffraction
study on the early stages of growth of cobalt on
Cu(100). From previous work [9,10] it is known
that Co grows in a layer by layer mode when it is
deposited on the copper substrates at tempera-
tures in the range 270-450 K. The film is pseudo-
morphic with the fcc substrate, and has sometimes
been (incorrectly) termed “fcc” cobalt, although
in fact it is not cubic (a = b # ¢) because of the
lattice strain.

We have performed transverse scans of dif-
fracted beams from a surface consisting of Co
islands on the Cu substrate to get information on
the island size distribution. Also, the degree of
surface perfection has been evaluated by utilizing
previously published analytical results for the dif-
fraction from two-level surfaces [11]. Finally, the
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kinetics of the reordering of a 0.5 monolayers
deposit of Co has been studied by analyzing the
temporal evolution of the intensity profiles.

2. Experimental details

The measurements were made at beamline
X16A of the National Synchrotron Light Source
{NSLS) at Brookhaven National Laboratory. 5
mrad of bending magnet radiation were mono-
chromated with Si(111) crystals. The beam was
focused on a sample inside an ultrahigh vacuum
system [12]. The Cu substrate was cleaned by
sputtering and annealing cycles until no traces of
carbon contamination were detected by AES.
Cobalt was deposited from a home made evapora-
tor consisting in a 0.1 mm thin Co wire wrapped
around a 0.5 mm tungsten wire that was resistively
heated. The surface cobalt concentration was de-
termined by measuring the ratio of the intensities
of the Co 95 and 716 eV to the Cu 104 eV Auger
peaks and by using previously published data [9]
on the Auger intensity calibration for this particu-
lar system. The estimated accuracy of the coverage
is 10%.

3. Results

The scattering wave vector is described in the
reciprocal coordinate frame commonly used in
LEED: the 4 and k directions are parallel and the
! direction is perpendicular to the sample surface.
This is related to the coordinate frame usually
employed in bulk X-ray diffraction in the follow-
ing way: (IOO)surf = (110)bulk; (010)surf = (110) bulks
(001) s = (001) i [13]. In this way the (10) beam
in LEED notation is (100),,, which is located
midway between (111),,;, and (111),,,.

At the (100) point, (the subscript surf will be
omitted from now on) the scattered waves from
two consecutive crystal planes have opposite
phases and therefore the diffracted intensity from
the set of crystal planes parallel to the surface is
very small. This is an important result for surface
studies, since it makes the intensity at this position
very sensitive to the surface roughness. The inten-
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sities in between bulk Bragg peaks have been
called crystal truncation rods {14].

The (100) reciprocal lattice point is not experi-
mentally accesible since it lies in the surface plane.
Therefore, the measurements presented here were
performed at (1, 0, 0.1). The surface sensitivity if
not optimum is still very large.

Fig. 1 shows transverse scans at (1,0, 0.1)
measured along [010]. Data are shown before and
after deposition of 0.5 monolayers (ML) of Co at
room temperature. The profile for the clean sub-
strate has been fitted with a Gaussian lineshape of
FWHM Ah = 0.0035 reciprocal lattice units
(RLU). We will assume this to be an effective
resolution function even though it is mainly de-
termined by the sizes of the areas at the surface
which scatter coherently.

Deposition of 0.5 ML of Co produces a spec-
tacular change in the intensities as is apparent in
the figure. These data have been fitted with a
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Fig. 1. Transverse momentum transfer scans at (1,0, 0.1) for

the clean and ordered Cu surface (top) and after deposition of

0.5 monolayers of Co at room temperature (bottom). The

curves are offset for clarity. The continuous lines are the fitted

curves: 2 Gaussian for the clean surface and a Gaussian and a
Lorentzian for the covered surface.
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two-component lineshape: a Gaussian with the
same width as for the top curve and a Lorentzian
of FWHM =0.034 RLU. The relatively large
width of the broad component is due to the small
sizes of the Co islands.

We will use previously published analytical re-
sults for the diffraction from rough surfaces [11].
The simplest case is for a surface with only two
levels where the angular distribution of the dif-
fracted intensity is shown to consist in two com-
ponents: a sharp central one resulting from the
convolution of the ordered surface diffraction pro-
file with the instrument reponse function and a
broad one that comes from the shape transform of
the islands at the surface. The scattered intensity
will depend on the position along the crystal trun-
cation rod where the data are acquired, but for
constant I this gives a constant prefactor. Ignor-
ing this, the intensity may be written:

I=1Iy+1Ip,

15{1-20(1 - 0)[1 - cos(q.d)]}8(a.). (1)

1/mL 2)

1o =261~ 6){1 - cos(a.)| Ty
# is the upper layer coverage i.e. the Co coverage
in our case, q.d is the phase change along the
surface normal due to the two surface levels a
distance d apart. In our case ¢q,d=045X27
which, by eq. (2), is close to the most sensitive
“anti Bragg” condition (g,d = 0.5 X 27). g, is the
parallel momentumn transfer deviation, and L is
the correlation length on the surface. In our case
this corresponds to the mean size of the Co is-
lands.

The equations above predict for “anti-Bragg”
conditions and 6 =1/2, zero intensity for the
narrow component corresponding to complete de-
structive interference between the upper and lower
surface levels. For an heteroepitaxial system such
as Co on Cu however, this situation is not exactly
fulfilled. For that case the intensity of the Bragg
component is:

IB=(%—0%)2, (3)
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with f-, and f, the atomic scattering factors of
Co and Cu respectively and where constant pre-
factors are again ignored. The ratio of the atomic
scattering factors is approximately equal to the
ratio of the atomic numbers of the two elements:
feo/feu = %5 =0.93. From eq. (3) we see that zero
intensity will not occur at 8=0.5 but at the
slightly larger value 8 =0.5 X f-,/fc,= 0.54. Eq.
(3) also shows that the predicted shape as a func-
tion of 4 is still parabolic, except that the parabola
is truncated for 8 = 1 at an intensity /g = 0.74.

The diffracted intensity / should be convoluted
with the appropiate instrumental function. This
affects the width of the sharp component but it
does not appreciably enlarge the width of the
broad one. From the data in fig. 1, one may
evaluate the correlation lengths at the surface be-
fore and after Co deposition. For the clean surface,
the full width Ah = 0.0035 RLU of the diffracted
peak is found to be close to the resolution limit.
From this we can say that the clean surface corre-
lation length is at least 700 A (equal to a/Ah
being a the nearest neighbour distance) which is a
reasonably good value for a metal surface.

Within the two level model, the Lorentzian
lineshape of the broad component after depositing
Co is characteristic of an exponential correlation
function at the surface. The correlation length L
in this case corresponds to the mean size of the
islands and it is given by [11] L = a/7 Ah where
Ah refers to the FWHM of the Lorentzian in
reciprocal lattice units. For the data in fig. 1 we
obtain L =24 A as the mean Co island size after
depositing 0.5 ML at room temperature.

From He diffraction experiments on the growth
of Cu on Cu(100) an average terrace size of 100 A
was found after depositing 0.5 ML at 318 K [7].

Similar beam profiles to the ones depicted in
fig. 1 were recorded for different Co coverages
and fitted with a sharp Gaussian peak and a
broad Lorentzian one. The results are shown in
fig. 2. The height of the Gaussian peak decreases
to a value close to zero and then it increases back
to 30% of the initial value.

If the two-level model discussed above were
applicable in the complete coverage range, then
the normalized peak height of the sharp compo-
nent should follow a parabola as a function of 4,
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Fig. 2. Top: evolution of the heights of the sharp and broad
components of the scattered intensity at (1,0, 0.1) as a func-
tion of Co deposition time. 80 s deposition corresponds to 0.5
monolayers. The dashed line is the theoretical prediction of the
two-level model. Bottom: evolution of the parallel momentum
transfer width of the diffracted intensity as a function of
deposition time.

centered at § = 0.5 as it is indicated in the figure
by the dashed line. As it may be seen, the peak
height follows a fairly parabolic behaviour in the
coverage range 0-0.5 ML but it clearly deviates in
the range 0.5-1 ML. This is the result of the build
up of Co concentration on additional surface
levels. A recent paper on photoelectron diffraction
studies [15] on the same epitaxial system showed a
significant concentration of Co islands of bilayer
height for coverages above 0.5 ML, in good agree-
ment with our findings. The height of the broad
component shows also some variation with cover-
age. Eq. (2) at g, =0 gives I, ~ L6(1 — ). Since
we did not detect a large # dependence of L
(lower panel of fig. 2), the curvature of the inten-
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sity plot I, versus 8 should be negative in agree-
ment with the data shown in the figure.

The bottom part of fig. 2 shows the evolution
with coverage of the width of the broad compo-
nent. Within a two-level model the L versus 8
curve should be symmetrical around = 0.5, As it
may be seen in the figure the widths are larger
above 0.5 ML. This is consistent with the two-level
model being no longer applicable. A third surface
level results in further destructive interference
which in turn causes an extra broadening of the
diffraction profile.

The step atoms located at the edges of the 2D
Co islands on the substrate contribute to the
surface free energy in the same way as the surface
tension does in a 3D system. For a fixed coverage,
the equilibrium configuration will be achieved by
minimizing the island perimeter, This should cause
large islands to enlarge at expense of the small
ones. As a consequence the sizes of the domains of
Co or the empty patches of the substrate should
increase causing a narrowing of the diffracted
intensity. Fig. 3 shows an illustrative example. An
anneal to 100°C of a surface with a fresh deposi-
tion of 0.5 Co layers, results in a change in width
of the broad component from 0.04 to 0.01 RLU
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Fig. 3. Changes of peak profiles due to annealing. The top

curve is for 0.5 ML of Co deposited at room temperature. The

bottom one is for the same surface after 6.85 h of annealing at
100°C.
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Fig. 4. Dependence of the average island size L with annealing
time for 0.5 ML of Co on Cu at 100°C.

indicating that the mean island size increased from
18 to 37 A upon annealing.

We investigated the kinetics of the island re-
arrangements in some detail. Fig. 4 shows the
results expressed as log L versus log(annealing
time). The value of the slope of the line that fits
the data is 0.22. This indicates that the rate limit-
ing step for the island reorganization is in fact a
very slow one. Ordinary diffusion of adatoms fol-
lows a (time)'”? type of law according to the
Einstein equation for the diffusion length.

3. Summary

(i) The angular profile of the diffracted X-ray
intensity from a surface containing 0.5 ML of Co
on Cu(100) consists of a two component lineshape
that can be rationalized as diffraction from a
stepped surface in a two level model. The width of
the broad component indicates that the mean size
of the Co islands is 24 A for room temperature
deposition.

(ii) The evolution of the heights of the narrow
and broad components may be also understood
with a two-level model. Below 0.5 deposited layers
the data agree with the model but from 0.5 to 1
ML the model fails since another surface level
should be considered.
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(iii) The kinetics of the island rearrangements
from small to large islands for a coverage of 0.5
ML and a temperature of 100°C has been in-
vestigated by evaluating the mean island sizes as a
function of annealing time. It has been found that
the mean island size increases with annealing time
with a dependence (time)®22.
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