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Growth of vapor-deposited cobalt films on Pt(111)studied by scanning tunnehng microscopy
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The initial nucleation and subsequent growth of vapor-deposited Co on Pt(111) has been studied by
scanning tunneling microscopy and Auger-electron spectroscopy. When deposited at room temperature,
Co nucleates spatially in a homogeneous manner and then grows quasi-layer-by-layer up to a coverage of
8=3 monolayers. For 8& 3 monolayers, a three-dimensional island growth mode is observed. From a
detailed analysis of the observed island shapes we present direct evidence that Co grows in a hcp pattern
on Pt(111)after the third layer. The nucleation of Co at a deposition temperature above 300 K is strong-

ly influenced by the appearance of a Co-induced surface reconstruction of Pt(111). This reconstruction
leads to a dendritic growth of Co deposited at 400 K. Fingers of Co 3-5 nm wide and up to 250 nm long
can be observed. The influence of the Pt reconstruction on the growth becomes smaller at higher deposi-
tion temperatures, leading to compact, triangular Co islands at 600 K.

I. INTRODUCTION

Co/Pt multilayers are candidates for high-density
magneto-optical (MO) recording media due to their per-
pendicular magnetic anisotropy and large Kerr rotation
at small optical wavelengths. ' The perpendicular mag-
netic anisotropy necessary for MO recording is observed
when the Co layers are thinner than about 1.2 nm, with
the largest values of the anisotropy reported for vapor-
deposited, (111) fcc textured superlattices. Magnetic
properties optimized for MO recording are obtained from
a multilayer structure consisting of about 20 repetitions
of Co layers only 0.4 nm thick (or about two atomic lay-
ers) separated by a Pt layer typically 1.3 nm thick.

The origin of the perpendicular anisotropy observed in
many transition-metal/noble-metal multilayers such as
Co/Pt, Co/Au or Co/Pd is controversial and not well un-
derstood. Interface or surface anisotropy as a result of
the broken symmetry at interfaces, ' magnetoelastic an-
isotropy due to strain, ' or magnetocrystalline anisotro-

py as a result of alloyed or compositionally mixed inter-
faces ' have been proposed. These suggestions were
based on theoretical arguments supported by structural
studies and magnetic measurements. Most structural
studies on these multilayers have been performed either
by high-resolution cross-sectional transmission electron
microscopy or by difraction-based techniques such as x-
ray diffraction, low-energy electron diffraction (LEED) or
reflection high-energy electron diffraction (RHEED). In
order to interpret the results of these techniques, a model
of the structure, which is difficult to confirm directly by
any of these techniques, has to be assumed. Further-
more, the magnetic properties are found to be structure
sensitive and dependent on the Co-layer thickness. The
uncertainty regarding the structure of these films is one
of the main reasons for the unsatisfactory and sometimes
contradictor'y explanations of experimental results.

Scanning tunneling microscopy (STM) is known to be
well suited to study the heteroepitaxy of metal systems
because of its high lateral resolution and inherent rea1-

space imaging capabilities. ' '" Thus STM studies of Ni,
Co, and Fe on Au(111) have revealed a remarkable
influence of the Au(111) 22 X &3 reconstruction on the
resulting film structure. ' A different STM study showed
that Co on Cu(111) grows in the form of bilayer islands
that do not coalesce, but actually form a granular film,
even though the growing film remains epitaxial and crys-
talline to the extent tested by diffraction techniques. '

Surprisingly, no real-space study of the structure has
been reported for the technologically most promising sys-
tem: Co grown on a Pt substrate with (111)texture.

In this paper we investigate the growth of the first few
layers of Co on a Pt(111) single crystal by ultrahigh vacu-
um STM and Auger-electron spectroscopy (AES). We
characterize the growth modes, the influence of anneal-
ing, and the effect of substrate temperature during depo-
sition. Characterizing and understanding the microstruc-
ture of the first few layers of Co deposited on Pt provides
significant insight into the evolution of multilayer struc-
tures. It also forms the basis for understanding the evolu-
tion of magnetic microstructures determined by spin-
polarized scanning electron microscopy as a function of
Co film thickness and morphology. '

II. INSTRUMENTATION
AND SAMPLE PREPARATION

All STM measurements presented in this paper were
performed at room temperature at a pressure of less than
8X10 " mbar. ' The STM chamber is connected to a
sample preparation chamber equipped with a cylindrical
mirror AES, an ion gun, a sample annealing station, '

and a water-cooled electron-beam Co evaporator. The
pressure during evaporation was below 3X10 ' mbar.
The evaporator Aux was calibrated by three independent
methods: AES, optical transmission, and atomic force
microscopy, each agreeing with the others to within
10%. Coverage determined by STM is in accordance
with the values expected from this calibration. In the ex-
periments presented here we used an evaporation rate of

0163-1829/94/49(3)/2021(9)/$06. 00 49 2021 1994 The American Physical Society



2022 P. GRUTTER AND U. T. DURIG

0. 1+0.01 monolayer (ML) per minute, where 1 ML is
defined as 0.205 nm. In bulk Co this would correspond
to one {111]layer. For each Co coverage investigated
we started with a freshly prepared Pt substrate.

The substrate we used is a polished Pt(111) single crys-
tal cut to the dimensions of 5X0.1X0.05 mm . These
unusual dimensions are necessary because this sample
also serves as a cantilever, allowing us to perform in situ
interaction force measurements. ' Initial removal of C
impurities was done efficiently by dosing the Pt at 800 K
with 1 X 10 ' mbar of Oz for 30 s. Several cycles of 10-
min, I-keV, 10-pA/mm Ne sputtering followed by 10-
min anneals to 1250 K were performed to clean the
Pt(111) surface. AES spectra then showed no traces of
contaminants. We have found that in order to obtain
large, flat terraces separated by straight steps it is impor-
tant to cool the sample slowly. We used a cooling rate of
about 100 K per minute. If we simply turn off the heat-
ing power to terminate annealing, the Pt cantilever, with
its small thermal mass, cools too quickly at approximate-
ly 200 K per second. This rapid cooling gives rise to
thermal stress in the sample which results in a buckled
surface topography.

Mechanically sharpened Ir and etched W tips were
used as tunneling tips. No difference between these tips
was detected in the constant current topographs. Tip
shaping was performed in situ. For this purpose —150 V
was applied to a clean sample and the STM was operated
in a field-emission mode at current levels up to 50 nA.
After this treatment tunneling barrier heights of 3.5 —4
eV were observed. We always measured the barrier
height using the modulation technique simultaneously
with the constant current images to check the quality of
the tunneling junction. Unless otherwise indicated, all
images were acquired at a constant tunneling current of
0.3 nA and a sample voltage of —100 mV. Typical scan
rates are 1 —2 lines per second.

III. EXPERIMENTAL RESULTS

Figure 1 is a STM image of the clean Pt(111) surface.
After annealing we observe large flat terraces separated
by sequences of closely separated steps. When large
scan-area images are analyzed, the average surface tilt an-

gle determined from STM images correlates well with the
crystal miscut of 0.5' determined from x-ray diffraction.
The apparent phase separation of flat and stepped
surfaces' —also called step bunching —is attributed to an
attractive interaction between steps and has previously
been observed for Au(111).'

Occasionally we were able to image the close-packed
atomic structure of the Pt(111) surface [Figs. 1(b) and
1(c)]. This allows us to determine the precise orientation
of the substrate. We find that most steps observed run
parallel to the ( 110) direction. Figure 1(b) was obtained
at a tunneling junction resistance of 1 MQ (sample volt-

age —10 mV) and represents raw data. One readily ob-
serves stripes which are typical for telegraph-type height
Auctuations. The stripe structure correlates with associ-
ated barrier height changes from 3.5 to 4.7 eV. We attri-
bute this to subtle subnanometer changes in the atomic

FIG. 1. (a) 1200X 1200-nm' image of well-annealed Pt(111).
Black (white) lines correspond to a single atomic steps down

(up) when viewed from left to right. (b) 15X15-nm image
showing atomic resolution across a Pt(111) step. Horizontal
stripes are due to subtle changes of the tip. (c) Low-pass filtered
section of (b), showing Pt(111) atoms.

tip configuration. Close examination, however, indicates
that atomic resolution is never lost. As often observed in
STM topographs, steps are smeared out over a distance
of about 1 —2 nm due to the extended size of the atomic
cluster forming the end of tip. The image in Fig. 1(c) is
slightly low-pass filtered to suppress noise with spatial
frequencies smaller than one-tenth of a lattice constant.
It clearly shows the expected hexagonal arrangement of
Pt(111) surface atoms. In the following we will describe
the growth mode and annealing properties of Co.

A. Co films grown at 300 K

When Co is deposited at room temperature on the
Pt(111) surface, spatially uniformly distributed nucleation
is observed. At present, we cannot determine whether
the nucleation is homogeneous or, alternatively, induced

by randomly distributed defects (such as residual C con-
taminants below the AES detection limit). At a coverage
of O=0.2 ML, [Fig. 2(a)] Co islands are Poisson distri-
buted in size with a mean area of about 53 nm and an
average separation of 20 nm. Thus the average distance a
Co atom travels at room temperature on a Pt(111) surface
before it attaches to a Co island is at least 20 nm. In the
following we will refer to this distance as the "diffusion
length. " We can easily distinguish between Co and Pt
based on the difference in step heights (0.205 vs 0.226 nm,
respectively). This can clearly be seen in Fig. 2(b)—
acquired after the deposition of 0.57 ML of Co—where
some of the Co islands are adjacent to the lower side of
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the Pt steps. The larger Co islands have very small
second-layer Co islands (termed "clusters" in the follow-
ing) on top of them. These two-dimensional clusters have
properties, to be described in the following, which set
them apart from regular Co islands. The total area
covered by these second-layer Co clusters at 0=0.57 ML
corresponds to 0.06 ML. The size of these clusters is
Poisson distributed with a mean area of 9 nm . Surpris-
ingly, first-layer Co exhibits these small clusters at a near-
ly constant number density with no change in cluster
height (0.2 nm), mean area (9 nm ), and average separa-
tion (5 nm) up to completion of the second Co layer [Figs.
2(c) and 2(d)j. These clusters do not correspond to a
thermal equilibrium configuration. Instead, they appear
because of hampered interlayer mass transport, as will be
shown later by performing annealing studies. These stud-
ies indicate that the clusters decorate depressions, the ori-
gin of which most probably can be attributed to misfit
dislocations in the first Co layer. Preferential decoration
of sites distorted from perfect (111)surface crystallogra-
phy has previously been observed for Ni, Fe, and Co de-
posited on Au(111) by STM. '

The observation of these clusters indicates that the
first-layer defects (i.e., depressions) have a rather high
capture probability and a high escape barrier for Co ada-
toms diffusing on first-layer Co islands at room tempera-
ture. The experimental observation that the number den-
sity and size of clusters are independent of coverage can

be understood if one makes the reasonable assumption
that the capture probability for Co adatoms arriving
from the vapor phase and diffusing on a perfect (111)Co
surface is smaller than the corresponding number for the
defects. As soon as all the localized depressions are
decorated, atoms arriving on the first-layer Co islands
diffuse until they fall over an island edge, contributing to
first-layer growth. Clusters, as a result of their sma11
area, have a very small capture probability and thus do
not grow substantially in size. This size argument, of
course, could also be applied to the depressions, which
are small. One would then not understand why they have
a large capture rate, as inferred from the observation of
cluster decoration. Depressions, however, are expected
to have a large capture rate as a consequence of a larger
sticking probability for diffusing Co adatoms. This is in
analogy to the driving forces leading to preferential in-
corporation of adatoms at steps —depressions can be
viewed as degenerate holes in the Co island. Further-
more, an effective area substantially larger than the 9 nm
inferred from experiment is expected. This is due to
long-ranged elastic strain fields associated with a defect
which affects the diffusion direction of adatoms landing
from the vapor phase. Together, these two factors are ex-
pected to lead to a capture rate for the depressions which
is substantially larger than that of the perfect (111) sur-
face.

First-layer islands grow continuously with increasing

0-1 ML 1-2 ML 2-4 ML 4-8 ML

(~) 0.23 ML (c) 1.4 ML (e) 2.8 ML (g) 3.4 ML
Y up I iw l I

(b) 0.57 ML (d) 1.6 ML 3.4 ML (h) 8 ML

FKJ. 2. Vapor deposition of Co on Pt(111) at 300 K. All images are 200X 200 nm, except (g) and (h), which are 400X 400 nm in
size. The arrow in (fl points to triangles stacked UDUD . . (see text).
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coverage until a complete layer is formed. After percola-
tion at 8=0.8 ML, nucleation (probably at clusters) of
randomly distributed second-layer islands sets in. These
islands grow with increasing coverage, in contrast to the
clusters, since capture probability increases with size
[Figs. 2(c) and 2(d)]. This sequence repeats itself accord-
ingly; third-layer islands start to grow after percolation of
second-layer islands at 0=1.8 ML. Note, however, that
no third-layer clusters are observed on the second Co lay-
er.

This correlation of the nucleation of next-layer islands
with the percolation of the previous-layer islands is attri-
buted to a slightly repulsive barrier to atoms becoming
incorporated into the lower side of a step when approach-
ing it from the upper side. The width of percolated is-
lands (of the order of 20 nm) at the nucleation threshold
is thus not the diffusion length of Co on Co. If a step is
reflective, an atom may reside on the island for a consid-
erable time and in effect diffuse a distance many times
larger than the island dimension before falling over the
edge. The island topology effectively determines the dis-
tance traveled: next-layer island nucleation and simul-
taneous percolation of the previous layer is thus no coin-
cidence.

In the following we will use the term "quasi-layer-by-
layer" to describe this growth mode since substantial
next-layer growth starts only after near completion of the
previous one. Compared to first-layer islands, second-
layer islands show a strong preference for edges along the
( 110) directions. Furthermore, substantially fewer
third-layer clusters are observable. These general charac-
teristics are even more pronounced for the third layer,
where most steps are oriented along the (110) directions
and hardly any fourth-layer clusters are present.

Pt steps do not seem to have a major effect on the
growth characteristics, as can be seen by comparing Figs.
2(e) and 3. The images of Fig. 3 were acquired on the
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same film as was Fig. 2(e), but on a different part of the
sample with a lower step density. The growth of this
2.8-ML-thick Co film is not influenced by the presence of
steps or screw dislocations on the Pt surface, and is iden-
tical on large, flat terraces or stepped surfaces.

We occasionally observe a hexagonal pattern on the
second-layer islands with a hexagon side length of 4.1 nm
[Fig. 4(a)]. This pattern is observed exclusively on
second-layer islands. An interpretation in terms of a
Moire effect as a result of a reduced second-layer lattice
spacing suggests itself, analogous to similar observations
of a single graphite layer on Pt(111). ' Inserting the ob-
served periodicity into the Moire formula yields a
reduction of the second-layer lattice spacing by 6% rela-

(a)

FIG. 3. Images of 2.8-ML Co on Pt(111) at a substrate region
with a high density of screw dislocations. (a) 1000X 1000 nm,
(b) 400X400 nm', and (c) 200X200 nm'.
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FIG. 4. 200X120-nm image of 1.6 ML of Co on Pt(111)
showing Moire fringes. (a) top view; (b) experimental trace (raw
data) along same direction as AB in 4(f); (c) experimental trace
(raw data) along same direction as AC in (f); (d) cross section
along AB in (f); (e) cross section along AC in (f); and (f) top view

of the hard-sphere model of the atomic arrangement of the
Pt(111) substrate, the first, and a second 10% contracted Co lay-

er.
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tive to that of the first layer. AES and local tunneling
barrier height measurements exclude the presence of con-
taminants, which might induce a reconstruction of the
second layer of Co.

In the following we will model and describe the Moire
pattern. In conjunction with other observations, this will
allow us to draw conclusions on the coherency, lattice
mismatch, and strain relief mechanisms of the first few
Co layers.

Figure 4(Q is a top-view representation of a hard-
sphere model of the atomic arrangement of the Pt(111)
substrate, the first Co layer, and a contracted second Co
layer. (For the sake of better visualization in Figs.
4(d) —4(f), we have chosen a 10% instead of the experi-
mentally determined 6% reduction of the second-layer
lattice spacing. This has no consequences for the follow-
ing discussion. ) We note that in this model the z position
of second-layer Co atoms is modulated, giving rise to the
observed Moire pattern. Regions with hcp —and fcc-type
stacking are separated by lines. We will call these lines
"dislocation lines. " At the dislocation lines, second-layer
Co atoms are aligned on top of first-layer atomic rows
[see Figs. 4(d) and 4(e)]. Intersections of the dislocation
lines correspond to singular points where second-layer Co
atoms assume top positions. Correspondingly, the inter-
sections coincide with local maxima of the topographic
height and are observed as a hexagonal lattice of bumps
in Fig. 4(a).

This model qualitatively reproduces all experimental
observations. This is best seen by comparing cross sec-
tions of the model [Figs. 4(d) and 4(e)] with experimental
traces [Figs. 4(b) and 4(c)]. The characteristics of the
modulation depend on the direction of the cross section
[AB or AC in Fig. 4(f)]. We note that along AB (a dislo-
cation line), a sinusoidal height variation is expected [Fig.
4(d)] and indeed observed [Fig. 4(b)]. Along AC, a
double-peaked sinusoidal structure with a big peak, and a
second one that is three to four times smaller, are predict-
ed [Fig. 4(e)]. The big peaks are clearly visible, whereas
the smaller ones are close to the noise limit in the experi-
mental trace [Fig. 4(c)].

A perfect Moire pattern can only be observed for two
layers that have a different lattice constant and are
coherent, i.e., have no defects. On many of the islands
these requirements are met quite well within regions hav-
ing diameters of up to 20 nm, leading to the observed
Moire fringes in Fig. 4(a). The lattice mismatch and
coherency requirement is, however, clearly not fulfilled '

globally, as can be seen in Fig. 4(a), where on some of the
islands the fringes are not observable. Defects may pin
the Co lattice into a pseudomorphic lattice spacing rather
than the relaxed lattice spacing that gives rise to the
Moire pattern. Alternatively, defects that pin the Co
structure locally, but do not prevent the Co layer from
adopting its relaxed lattice spacing, will distort the hex-
agonal Moire pattern and thus make it difficult to detect.
The rather noisy experimental traces [Figs. 4(b) and 4(c)]
are an indication that coherency is not perfect, most like-
ly due to first-layer point defects. We know that the first
Co layer has a substantially higher defect density than
does the second one. (This is concluded from the

predominant observation of second-layer clusters. As
will be shown in Sec. III B, defects in a layer are decorat-
ed by next-layer clusters. )

A related observation pointing to substantial strain in
the first layer of Co is the fact that at coverages below 3
ML, Co is always rougher on a 1 —5-nm lateral scale than
is the Pt substrate. We suspect that this lattice-
mismatch-induced buckling might also be the reason for
our inability to image directly the Co lattice by STM, and
for the rather diffuse LEED patterns observed for 8 & 3
ML. The buckling or roughness and defect structure of
ultrathin Co layers has substantial consequences in the
interpretation of data acquired by any diffraction tech-
nique such as x-ray scattering, LEED, or RHEED.
Remember that the average separation of 5 nm between
the clusters and hence defects is comparable to the typi-
cal coherence length of these scattering techniques. This
will strongly inhuence line shapes and intensities.

Let us summarize the lattice strain relief mechanisms
observed in the first three Co layers as deduced from the
observation of defects decorated by clusters and the de-
tailed analysis of the Moire pattern presented above. The
first Co layer has a substantial number of defects (i.e.,
depressions) decorated by clusters. These defects relieve
part of the strain arising from the 9.7% lattice mismatch
of Co and Pt. The origin of these defects can most prob-
ably be traced to misfit dislocations. Nevertheless, the
first-layer Co lattice can be locally well defined and
coherent over regions with diameters as large as 20 nm,
definitely so when covered by a further Co layer. It ap-
pears that the growth of the second layer induces rear-
rangements of the first, thus wiping out many of the
first-layer defects. The second Co layer has only few de-
fects, indicating that there is little residual strain. Inter-
pretation of the Moire pattern observed on second-layer
islands implies that two-thirds of the total bulk lattice
misfit is accommodated by an isotropic lattice contrac-
tion of the second Co layer. The third Co layer is thus
quite perfect, the result of which is a very low density of
fourth-layer clusters. We cannot exclude a small (less
than 4%) lattice contraction of the first or third Co lay-
ers, since the resulting Moire periodicity would be
masked by the limited width of islands and the presence
of defects. We also wish to emphasize that conclusions
regarding the structure of buried layers have to be made
with care, since rearrangments not detectable by STM
might occur upon a layer being covered by the next layer.

After percolation of third-layer islands, a totally new
growth mode sets in. Instead of the previous quasi-
layer-by-layer growth, the overview shown in Fig. 2(g)
shows that a three-dimensional (3D) island growth mode
starts. Pyramids of stacked, roughly triangular islands
appear, as indicated in Fig. 2(f). Some of them are more
than four atomic levels high, meaning that seven atomic
levels are exposed simultaneously. The orientation of
these triangles [pointing up ( U) or down (D) in Fig. 2(f)]
changes from layer to layer —the triangle stacking is
UDUDU . . . From this, one can directly conclude that
Co grows in an hcp structure after 3 ML. This is based
on the following straightforward argument.

First, the origin of the triangular shape is traced to the
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fact that there are two types of steps along the (110)
direction on a (111)surface: one type of step belongs to a
[111] facet, the second one to a [100] facet. If one of
these facets is energetically favored, or, alternatively, has
a different growth speed, islands tend to grow in threefold
instead of sixfold symmetry. If one now makes the plau-
sible assumption that the same facet orientation is
favored independently of the thickness of the Co film a
UDUDU . . stacking of triangles can only be the result
of a hcp stacking of the Co layers. A fcc stacking would
lead to triangles all oriented the same way, i.e., an
UUUU . stacking of triangles.

3D island growth leads to a rather rough appearance.
As many as 4—7 Co levels are exposed simultaneously.
For an 8-ML Co film [shown in Fig. 2(h)] one can still
recognize the step structure of the substrate on large-
scale images; it is, however, very different to locate pre-
cisely. As a consequence it is difficult to determine the
exact number of Co levels exposed, though it seems that
thicker films (8) 6 ML) tend to become slightly fiatter
again (the number of simultaneously exposed layers de-
creases to =4). Comparing it to the 3.4-ML film imaged
at the same magnification [Fig. 2(g)], we note that the
thick film [Fig. 2(h)] is more granular. The reason for
this is not yet understood.

The shape of Co islands grown at room temperature is
the result of striving for thermodynamic equilibrium
within kinetic constraints. In the following we will inves-

tigate the kinetic limitations by studying the temperature
dependence of the structure, either by annealing (see Sec.
III B) or growing at elevated substrate temperature (Sec.
IIIC). As will become obvious, kinetics play a major
role, since these two experimental paths reveal strikingly
different results.

Instead, we now observe small depressions 0.05—0. 1 nm
deep inside the islands [Fig. 5(b)]. A statistical analysis of
STM images shows an 11% surplus island area after an-
nealing. This surplus, however, corresponds to within a
statistical error of 1% to the area covered by the clusters.

The separation, density, and size distribution of the
depressions is similar to that of the clusters. It thus
seems reasonable to argue that for room-temperature
deposition the clusters are trapped by the depressions.
Comparison of the nucleation properties of Ni, Fe, and
CO on Au(111) studied by STM indicate a preference for
metals with large lattice misfits to nucleate at sites dis-
torted from the perfect (111) surface crystallography. '

Annealing allows the clusters to overcome the kinetic
limitations imposed by deposition at 300 K, to escape
from these shallow traps and to migrate to the energeti-
cally preferred Co island edge.

Drastic changes are observed when annealing is per-
formed at temperatures above 750 K. %e demonstrate
this for a film with 8=2 ML. The low-energy (57 eV),
surface-sensitive Co AES line disappears completely after
only 10 min of annealing at 750 K, while the high-energy
(775-eV) Co line intensity decreases monotonically as a
function of annealing time. Both the high- (237 eV) and
low-energy (64 eV) Pt line intensities increase quickly to a
maximum after about 10 min and then remain constant
[Fig. 6(a)]. The quick rise of both Pt AES intensities with
different inelastic electron mean free paths (0.35 and 0.62
nm) to a near-bulk value indicates that within the prob-
ing depth of the high-energy line the sample is pure Pt

B. Annealing of Co films

Figure 5(a) show 0.57 ML of Co deposited at 300 K.
Figure 5(b) shows a representative topography of the
same film after a 5-min anneal at 400 K and subsequent
slow cooldown. The islands are now more compact in

shape, viz. the number of isolated islands is smaller [Fig.
5(b)]. Most of these islands have rather meandering bor-
ders with straight-edge segments parallel to the (110)
directions of the substrate. Predominant in Fig. 5 is that
the Co clusters on top of the Co islands have disappeared.
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FIG. 5. Annealing study: 100X 100-nm image of 0.57 ML of
Co on Pt(111):{a) as deposited at 300 K, and (b) after 5 min at
400 K (not at same sample position).

FIG. 6. (a) Evolution of 775-eV Co and 237-eV Pt Auger line

intensities as a function of time at an annealing temperature of
750 K. The values are normalized to the measured pure bulk

intensities. The interpolating line is a guide to the eye. (b)

400 X400-nm image of a 2-ML Co film after 30 min at 750 K.
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after 10 min of annealing. The total disappearance of the
low-energy Co line (i.e., near-surface Co) cannot be inter-
preted as a total loss by evaporation of Co into the vacu-
um because of the persistent observation of the high-
energy Co line (with a large probing depth of 1.12 nm).
Thus the disappearing Co interdiffuses into the bulk as a
function of annealing time. The resulting dilution of Co
leads to a monotonic decrease of the high-energy Co AES
intensity. Related observations by AES, LEED, and
RHEED have previously been reported for Co on
Pt(100)

Figure 6(b) shows a STM image after 30 min at 750 K
that corroborates the interpretation of interdiffusion. No
Co islands are observable, as concluded from the step
heights measured. A maze of slightly elevated lines (0.1

nm high), interpreted as stress or dislocation lines, is
clearly discernible. From these measurements we cannot
determine whether Co diffuses into Pt, or Pt segregates
onto the top of the Co islands. In passing, we would like
to mention that spin-polarized scanning electron micros-
copy measurements indicate that Co films annealed at
these high temperatures are not ferromagnetic at 300
K 14

C. Growth of Co at elevated sample temperatures

From the annealing studies presented above we have
concluded that the growth of Co on Pt(111) at room tem-
perature is at least partially kinetically hindered. It is
thus obvious that one should try to grow films at elevated
temperatures to overcome this limitation. In the follow-
ing we present results of Co grown on Pt(111) at elevated
substrate temperatures T, . We wish to stress that due to
difBculties in calibrating the absolute temperature of the
cantilever substrate, the indicated temperatures are sub-
ject to an error of +50 K. We have to determine the tem-
perature of the cantilever below 800 K by controlling the
supplied heating power, since the thermal mass of the
cantilever is small compared to that of a thermoelement.
The heating power vs temperature curve (determined op-
tically for T, between 800 and 1500 K) has the reproduci-
bly same linear slope but with statistical variations of the
offset. These variations lead to large uncertainties in the
absolute temperature. Relative temperature differences,
in contrast, can be determined accurately within 10 K,
since they depend only on the constant slope of the cali-
bration curve.

When 0.05 ML of Co are evaporated at about 400 K
onto Pt(111), a very intricate, surprising morphology is
observed [Fig. 7(a)]: large, threefold symmetric Co den-
drites grow. These Co dendrites can be up to 250 nrn

long and 3—5 nm wide. The origin of this growth mode
is traced to a Co-induced reconstruction of the Pt(111)
surface. Figure 7(b) shows that a reconstruction of the
Pt surface accompanies the formation of these Co den-
drites.

From the spacing of the two lines [marked by arrows
in Fig. 7(b)] and their height we conject that the Pt sur-
face locally undergoes a reconstruction similar to the
known 22 X &3 Au(111) reconstruction. In the 22 X &3
reconstruction, the registry of Au surface atoms varies

;(a) (Q)~.~

+ i'tj

FIG. 7. (a) 0.05-ML Co deposited on Pt(111) at 400 K. Im-

age size is 1200X1200 nm . (b) Detail showing Pt(111) recon-
struction (marked by arrows). Image size is 100X 100 nm~.

(a)

FIG. 8. 400X400-nm images of Co deposited on Pt{111)at
different substrate temperatures T, : (a) T, =400 K, 0=0.4 ML;
(b) T, =500 K, 0=0.5 ML; and (c) T, =600 K, 0=0.28 ML.

between hollow sites of fcc and hcp stacking to fit 23
atomic rows in 22 lattice spacings. The fcc-hcp transition
regions appear as 0.02-nm-high ridges in STM images
separating the fcc from the narrower hcp region. Recent-
ly, it has been shown that a similar reconstruction of the
Pt(111) surface can also be induced in the presence of a
Pt gas environment down to 400 K. It is observable at
300 K because the lifting of this reconstruction is kineti-
cally hindered. In analogy to these reconstructions, we
thus assume that the stacking of Pt surface atoms is in a
hcp pattern inside the pair of lines observed in Fig. 7(b).
After a detailed analysis we conclude that at 400 K, Co
nucleates and then grows preferably at the hcp regions of
the reconstruction.

A transition from the kinetically limited dendritic
growth of Co as a function of T, to an island growth
mode probably much closer to a thermodynamic equilib-
rium can be observed. Figure 8(a) shows 0.4 ML grown
at about T, =400 K. Dendrites of similar dimensions as
those shown in Fig. 7 are observable. Note that the
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threefold symmetry of dendrite arms is still dominant at
this coverage, while only few sixfold-symmetric arms are
observable. By depositing 0.5 ML on a substrate that is
100 K warmer, we find that this threefold symmetry is
still observable [Fig. 8(b)]. The arms of the Co dendrites
are, however, much wider and not as long. A detailed
analysis of the images shows that the Pt reconstruction is
still present, but seems to have less influence on the
growth of Co than at T, =400 K. The Co islands move
toward their presumed thermodynamic equilibrium shape
at even higher deposition temperatures. This is demon-
strated by the total lifting of the dendritic Co growth
mode by depositing 0.28 ML at T, =600 K [Fig. 8(c)]:
Co islands are nearly triangular and have a minimal per-
imeter length. These islands appear very similar in mor-

phology to the triangular-shaped islands observed for
8& 3 ML. The Pt reconstruction, which is still observ-
able, has little influence on the resulting morphology at
this T, . The most probable interpretation for this obser-
vation is that the mobility and binding-energy difference
for Co on a fcc- or hcp-stacked Pt site is small and can be
overcome by raising T, to 600 K.

IV. SUMMARY AND CONCLUSION

From the data the following model for the nucleation
and growth of Co on Pt(111) at room temperature can be
deduced: Co nucleate s spatially in a homogeneous
manner and grows quasi-layer-by-layer up to 3 ML. De-
tailed analysis of the structure of first-, second-, and
third-layer islands and clusters leads to the conclusion
that the first-layer islands consist of locally coherent re-

gions about 5 nm in diameter. These coherent regions
are interrupted by localized defects (depressions decorat-
ed by next-layer Co clusters). This relieves some of the
strain induced by the 9.7% lattice misfit. The observa-
tion of a Moire pattern demonstrates that two-thirds of
the misfit is accommodated by an isotropic contraction of
the second layer of Co. The near absence of defects
decorated by clusters on second- and third-layer islands
additionally points to a nearly complete relief to the total
lattice misfit. After the third layer, a new three-
dimensional island growth mode sets in. Direct evidence
proves that Co grows with a hcp stacking after the third
layer. The growth of hcp Co at this coverage is a further
indication of the nearly complete relaxation of the lattice
misfit after 3 ML. No indication of a Co-Pt alloy forma-
tion was found up to annealing temperatures of 750 K.
This is in contrast to annealing at higher temperatures,
where clear indications for Co diffusion into the bulk Pt
crystal were found. These annealing studies also demon-
strated that room-temperature growth of Co on Pt is at
least partially kinetically hindered. Evaporation at
elevated substrate temperatures leads to a previously
unobserved Co-induced reconstruction of the Pt(111) sur-
face. This localized reconstruction, similar to the
22 X &3 reconstruction of Au{111), strongly influences
the nucleation and growth of Co by inducing dendritic

growth of threefold-symmetric Co structures with arms
3—5 nm wide and up to 250 nm long. At higher substrate

temperatures (around 600 K) the kinetic limitation on the
growth of Co imposed by the reconstruction is lifted, and
triangular-shaped Co islands are observed.

These results clearly demonstrate the subtle effects that
slight differences of the initial preparation conditions can
have on the final resulting film morphology. It could be
expected that besides T, and the annealing conditions, a
variation of the incident flux might also have an appre-
ciable influence. However, we found some indications
that the results presented above are valid even for an in-

cident flux ten times larger.
Co has a substantial room-temperature mobility both

on Pt and Co. This is inferred from the quasi-layer-by-
layer growth mode for 8 & 3 ML. Furthermore, this mo-
bility is not reduced along step edges, resulting in the
predominance of rather compact polygon-shaped islands
with edges oriented along (110) directions independent
of coverage. It has to be kept in mind, however, that the
resulting shape of islands or dendrites, even though ener-
getically favored, is not necessarily the thermodynamic
equilibrium shape, but rather a result of the subtle inter-
play between kinetic limitations and the minimization of
free energy. This is clearly shown by the evolution of the
dendrite shape into a triangular island as a function of T,
(Fig. 8): the double dislocation line of the reconstruction
acts as a barrier dominant at T, =400—500 K, but it is

easily overcome at 600 K.
As STM lacks chemical sensitivity, we cannot exclude

the local substitution of single atoms of Co by Pt. How-
ever, annealing studies indicate the absence of significant
alloying or inter diffusio of Co vapor deposited on
Pt(111) at 300 K, since the step height and coverage
determined by STM shows no change when Co films are
annealed for up to 300 min at temperatures up to 750 K.
This is in contrast to annealing at higher temperatures,
where drastic changes are observable both by STM and
AES. The Pt-Co interface is thus sharp. This has pro-
found consequences for theoretical models that attempt
to explain the perpendicular magnetic anisotropy ob-
served for ultrathin Co films. It would be extremely in-

teresting to follow the next step in the growth of a multi-

layer structure —the deposition of Pt on a 2-ML Co
film —since the deposition of 2-ML Co does not lead to a
perfectly flat surface.

The correlation of magnetic properties of thin Co films

with the structural findings presented above is important
in itself. It holds promise of affording valuable insight
into the understanding of the magnetic anisotropy of thin
films. Preliminary experiments have been carried out;
they indicate that the perpendicular anisotropy is strong-

ly influenced by the morphology of the Co film. From
spin-polarized scanning electron microscopy measure-

ments we also know that the 2-ML films evaporated at
300 K are ferromagnetic with a perpendicular magnetic
anisotropy. ' This anisotropy switches to completely in-

plane after 4 ML. Work in progress is aimed at correlat-
ing this with the simultaneously observed complete relax-
ation of stress or, alternatively, with the appearance of
3D islands at this coverage.
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