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Submonolayer growth of Co on the reconstructed Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface has been
investigated by scanning tunneling microscopy. Cu atoms are displaced from the Cu共001兲共冑2
⫻ 2冑2兲R45° – O structure by incoming Co atoms and subsequently aggregate into elongated islands.
The deposited Co atoms are randomly distributed in the oxygen adsorbed surface as individual
atoms and clusters at low coverages 关艋0.4 monolayers 共ML兲兴. For larger coverages 共艌0.5 ML兲,
compact fcc Co patches are formed. The adsorbed oxygen acts as a surfactant. Interfacial
intermixing is reduced when Co is deposited on the Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2189190兴
It is well known that adsorbed gases influence the epitaxial growth of metals on metals.1 Recently, preadsorbed
and well-ordered oxygen atoms have been used as a surfactant in the growth of ultrathin 3d ferromagnetic films on a Cu
substrate.2–4 In this way, smooth layer-by-layer growth has
been achieved for Co and Ni on Cu共110兲共2 ⫻ 1兲 – O.2,5 On
reconstructed Cu共001兲共冑2 ⫻ 2冑2兲R45° – O, Ni growth was
almost a perfect two-dimensional 共2D兲 growth compared
with that on clean Cu共001兲.6 On the other hand, the effects of
the oxygen-induced reconstruction on the initial growth and
thus the interface structure have not been extensively studied
so far. However, a precise control of the interface structure is
required for applications such as electronic and spintronic
devices. An typical example is that the giant magnetoresistance effect in the Co/ Cu multilayers significantly depends
on their interfacial properties.7,8
In this letter, we have investigated the initial growth of
Co on the Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface using scanning tunneling microscopy 共STM兲. The growth is characterized by two processes. One is the displacement of Cu atoms
by the arriving Co atoms. The released Cu atoms aggregate
into elongated islands. The other is the formation of the
Co共001兲c共2 ⫻ 2兲 – O structure. With ordered oxygen atoms
on the surface as the surfactant, the intermixing between Cu
and Co is reduced. This contrasts with the formation of
an atomically mixed interface when Co is deposited on
clean Cu共001兲.9
The experiments were carried out in an ultrahigh
vacuum apparatus equipped with a Rasterscope-3000 STM
and a four-grid low-energy electron diffraction 共LEED兲 optics. The Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface was prepared
by exposing the clean Cu共001兲 surface to 3000– 6000 l of
oxygen molecules at 523 K. Its structure is schematically
shown in Fig. 1. Cobalt was deposited by an electronbombardment evaporator from a 99.99% pure wire. The
depositions were done at room temperature 共RT兲 except
where noted. The deposition rate was 0.3 monolayers 共ML兲/
min. All the STM images were recorded in the constant current mode at RT using a Pt/ Ir tip.
The result for a 0.05-ML Co deposited sample is shown
in Fig. 2共a兲. On this sample, we notice two features. One is
a兲
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the elongated islands which are oriented along the 关100兴 or
关010兴 direction. The other is the atoms or clusters scattered
on the surface. We first focus on the islands. In Fig. 2共b兲, the
surface structure of an island is atomically resolved. It turns
out to be the 共冑2 ⫻ 2冑2兲R45° structure. Since this oxygenadsorbed structure is formed only on Cu共001兲 but not on Co,
we can conclude that the islands are resulted from the aggregation of Cu atoms. From this it can be deduced that the
scattered atoms are Co. We will further confirm this point
later.
Now we turn our attention to the scattered Co atoms.
Shown in Figs. 2共c兲 and 2共d兲 are two STM images extracted
from a 2-h-long STM movie. The time interval between
them is 115 min. By comparing the relative positions of the
Co atoms, one can find that they never move. In contrast to
the immobility of the Co atoms, the domain boundary of the
reconstructred surface 共refer to Fig. 1兲 migrates rapidly 共but
never passes across the positions occupied by Co atoms兲.
Since the migration of the domain boundary results from Cu
hopping, it can be inferred that Cu atoms are mobile. This is
in agreement with our conclusion that the elongated islands
are constructed by Cu atoms, since only mobile atoms can
form islands.

FIG. 1. 共Color online兲 共a兲 The Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface structure
is schematically shown. The unit cells are specified using black rectangles.
This surface contains 0.75 ML Cu and 0.5 ML O. Two reconstruction domains can be observed with the orientation of their unit cell perpendicular to
each other. The domain boundary is denoted by grey thick lines. The arrows
show the Cu hopping which, will lead to the migration of the domain
boundary.
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FIG. 2. 共Color online兲 共a兲 After 0.05 ML of Co was deposited on the
Cu共001兲共冑2 ⫻ 2冑2兲R45° – O surface, elongated islands as well as scattered
individual atoms and clusters are observed. 共b兲 Atomically resolved STM
image of the island surface. The 共冑2 ⫻ 2冑2兲R45° unit cell is marked using a
black rectangle. 共c兲 and 共d兲 Two STM images extracted from a STM movie
with a time interval of 115 min. The constant relative positions show the
scattered Co atoms are immobile.

In Figs. 3共a兲–3共c兲, we present the typical STM images
which summarize the submonolayer growth of Co on
Cu共001兲共冑2 ⫻ 2冑2兲R45° – O at RT. With increasing Co
amount, the coverage of Cu islands simply increases. On the
other hand, the Co atoms show a complicated behavior. At
0.2 ML Co, they still distribute randomly as individual atoms
and clusters 关Fig. 3共a兲兴, similar to those on the 0.05-ML
sample. The density of Co clusters increases obviously when
the Co amount is raised to 0.4 ML 关Fig. 3共b兲兴. When we
further increase the Co amount, the Co clusters start to aggregate into ordered and compact patches. At 0.6-ML Co,
well-developed Co patches are formed adjacent to the Cu
islands 关smooth areas on the terrace in Fig. 3共c兲兴. The
patches show a c共2 ⫻ 2兲 structure as shown in the magnified
image, Fig. 3共d兲. Since it is well established that a half
monolayer of oxygen on fcc Co adopts a c共2 ⫻ 2兲 structure,10
the observed c共2 ⫻ 2兲 structure assures that the patches are
really constructed by Co atoms with oxygen floated on them.
The observation of elongated Cu islands after Co deposition gives rise to the question: where do these Cu atoms
come from? The most reasonable answer is that Cu atoms are
released upon the accommodation of the deposited Co atoms.
To confirm this argument and to obtain more information
about Cu ejection, we have quantitatively measured the coverage of the Cu islands as a function of the amount of the
deposited Co. Interestingly, a proportionality close to 0.75
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FIG. 3. 共Color online兲 共a兲–共c兲 STM images for 共a兲 0.2-, 共b兲 0.4-, and 共c兲
0.6-ML Co deposited at RT. The image size is 25⫻ 25 nm2. 共d兲 A STM
image showing the c共2 ⫻ 2兲 structured Co patches for the 0.6-ML sample.
共e兲 The statistical island coverage is plotted vs the amount of deposited Co.
The broken line with a slope of 0.75 is a guide for the eye. 共f兲 and 共g兲 STM
images of 0.2- and 0.45-ML Co deposited at 450 and 370 K, respectively.
The images have a size of 25⫻ 16 nm2.

was obtained up to 0.6-ML deposited Co as shown in Fig.
3共e兲. It is noted that the Cu coverage on the clean 共冑2
⫻ 2冑2兲R45° surface is 0.75 ML. Thus, the observed proportionality means that the Co clusters and c共2 ⫻ 2兲 patches are
grown on driving away all the 共冑2 ⫻ 2冑2兲R45° structured Cu
atoms in there. The released Cu atoms finally aggregate into
islands. We notice that the proportionality downwards deviates from 0.75 when more than 0.6 ML of Co is deposited.
The deviation is caused by the reduced capture probability of
the grown Cu islands after the c共2 ⫻ 2兲 patches start to form
on the terrace.
It has also been found during the formation of Cu islands
that the Co atoms, which have already been there, float onto
the island surface. The floating up of Co atoms are seen as
the protrusions on the Cu islands shown in Figs. 3共a兲–3共c兲.
The density of the Co atoms on the island is the same as that
on the terrace. This can be more clearly demonstrated at
raised deposition temperatures, which allow wide Cu islands
to form due to the increased diffusion length of the Cu atoms. We observed the identical density of Co atoms and the
same morphology both on the island and on the terrace as
shown in Fig. 3共f兲. At the same time, rectangular peninsulas
and grooves appear on the upper terrace near the step at
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FIG. 4. 共Color online兲 STM images resulted after 共a兲 0.45-ML Co deposited
at 460 K on clean Cu共001兲, 共b兲 0.45-ML Co deposited at 460 K on clean
Cu共001兲 and annealed at 520 K for 120 min, 共c兲 0.45-ML Co deposited at
460 K and subsequently exposed to 4000 l oxygen at RT and finally annealed at 520 K for 120 min, 共d兲 the sample used for 共c兲 was further annealed at 570 K for 60 min.

nealing the sample at 520 K for 120 min 关Fig. 4共b兲兴. However, when the surface is exposed to 4000 l oxygen at RT
before the annealing, it turns out to be separated into 共冑2
⫻ 2冑2兲R45° – Cu areas and Co-rich areas after the annealing
关Fig. 4共c兲兴. Further annealing the sample at 570 K for 60 min
restores the intermixed surface because of the desorption of
oxygen 关Fig. 4共d兲兴. This experiment clearly demonstrated
that the intermixed structure is thermodynamically unstable
at the presence of oxygen.
In summary, we have investigated the submonolayer
growth of Co on Cu共001兲共冑2 ⫻ 2冑2兲R45° – O. The growth is
characteristic of the displacement of Cu atoms by the incoming Co atoms. The displaced Cu atoms aggregate into elongated rectangular islands. With oxygen floated onto it
through an exchange process, the Co overlayer is grown subsequently on driving away the 共冑2 ⫻ 2冑2兲R45° structured Cu
atoms in there. By forming Cu islands and Co patches separately, interfacial intermixing is reduced for the growth of Co
on Cu共001兲 at the presence of oxygen.
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elevated deposition temperature 关see Fig. 3共g兲兴. These two
features tell us that the terrace 共including the peninsulas兲,
which is adjacent to a descending step, was newly grown
during the Co deposition. Again, the newly formed area has
the same coverage of the c共2 ⫻ 2兲 Co patches as in other
places. All these results clearly indicate the floating up of Co
atoms. Additionally, the same image contrast for the newly
formed area as that for the original terrace in these figures
confirms our conclusion that the islands are produced by Cu
aggregation.
We notice that, after forming the c共2 ⫻ 2兲 Co patch, Cu
and Co atoms are well separated without intermixing at the
interface. This is sharply contrasted with the case of Co
deposition on clean Cu共001兲, where a considerable amount
of Co is incorporated into the Cu共001兲 substrate and thus
results in an intermixed interface.9 We can further show that
the absence of intermixing is thermodynamically ensured for
the oxygen adsorbed submonolayer Co/ Cu共001兲 films. As
shown in Fig. 4共a兲, a deposition at 460 K of 0.45 ML Co on
clean Cu共001兲 results in an island-free and an atomically
intermixed surface. The intermixed surface remains after an-
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