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Thin films of Co on Pt„111…: Strain relaxation and growth
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~Received 10 November 1999; revised manuscript received 8 February 2000!

The growth, structure and morphology of thin Co layers with a thickness ranging from 1 to 15 monolayers
deposited at room temperature on Pt~111! have been studied by the use of scanning tunneling microscopy. We
demonstrate that the first Co layer grows preferably in the Pt fcc lattice sites, with a high density of defects due
to the lattice mismatch. The second Co layer is found to exhibit a moire´ structure, with the Co in-plane lattice
distance close to that of bulk Co. The growth of thin Co films is observed to be mostly in terms of flat layers
~two dimensional! up to a Co coverage of about 3.5 ML. At higher coverages, we find that the Co grows in
~three dimensional! islands and we show that the growth is characterized by a mainly twinned fcc-like stacking.
We argue that the reason for the two dimensional growth mode at lower Co coverages is due to the strained
interface between the Co overlayers and the Pt~111! surface resulting in a large number of kinks and corners
which facilitate interlayer diffusion. For higher coverage such sites become less common, due to the decreasing
influence of the strained interface, resulting in no interlayer diffusion leading to a three dimensional growth
mode. The implications by these observations on the magnetic properties of the Co/Pt~111! interface system
are discussed.
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I. INTRODUCTION

The structure of heteroepitaxial thin metal films on me
substrates has been studied for many years.1 This large inter-
est has been driven by the desire to link the geometr
structure of the interface between the thin film and the s
strate with magnetic and/or electronic properties observe
the interface. In the case of Co-Pt thin films and multilay
systems, particular magnetic properties such as the per
dicular magnetic anisotropy~PMA! have been observed fo
very thin Co layers in Co-Pt multilayers.2–4 The direction of
the magnetic anisotropy has been found to depend on
details of the geometric structure at the interface. For
stance, the thickness of the Co layers has been foun
influence the PMA,5,6 which has been related to a fcc-to-hc
transition in the Co layers as the Co thickness is increa
Due to the complexity of a multilayer interface system, it
fruitful to study and gain understanding of the magnetic a
geometric properties during the initial interface formation
a single Co and Pt interface, such as the Co/Pt~111! inter-
face.

A recent surface magnetooptical Kerr effect~SMOKE!
study of thin Co films on Pt~111! ~Ref. 7! reports a linear
increase of the PMA as the Co coverage is increased f
0.8 to 3.7 ML@1 ML is defined here as the amount of atom
in one Pt~111! layer#. At a Co coverage between 4 and 6 M
in-plane and out-of-plane magnetization was found to co
ist. The out-of-plane magnetization was observed to decre
to zero at about 6 ML of Co, whereas the in-plane magn
zation continued to increase. Such a behavior, which is
similar to that of Co-Pt multilayers, merits a detailed stru
tural investigation.

In fact, the structure and morphology of thin Co depos
on Pt~111! has been studied extensively in the past.8–15

For instance, Gru¨tter and Du¨rig have previously used
scanning tunneling microscopy~STM! in order to study thin
Co films deposited on Pt~111! ~Ref. 8! at room temperature
PRB 620163-1829/2000/62~4!/2843~9!/$15.00
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~RT!. They reported a quasi–layer-by-layer growth mode
to a Co coverage of 3 ML, including a large number
defects in the first layer and a moire´ structure in the second
layer. Above 3 ML a three-dimensional~3D! growth mode
was observed and furthermore it was shown that Co grow
a hcp stacking sequence above 3 ML. At higher Co cov
ages the Co film appeared granular. Co growing in a p
dominantly hcp stacking was also found by an extend
x-ray absorption fine structure~EXAFS! study for Co films
thicker than 4 ML.10

Low-energy-electron-diffraction studies~LEED!4,11–13

have shown that the first ML is nearly epitaxial on th
Pt~111! surface, since no extra spots where observed in
coverage regime. Above approximately 1.5 ML of Co, ad
tional LEED spots become visible, corresponding to that
the in-plane lattice constant of bulk Co~9.4% smaller than
that of Pt!, implying that the Co lattice, at this Co coverag
relaxes to close to that of bulk Co. At higher Co coverage
sixfold fine structure appears around each spot, interprete
a modulation of the Co overlayer, consistent with the ST
observations of the moire´ structure8 due to a large coinci-
dence cell of the modulated surface structure.

Surface x-ray-diffraction ~SXRD! experiments14 con-
cluded that a multilevel surface consisting of five differe
levels is formed after Co deposition of 3 ML. The mo
dominant feature observed up to a Co coverage of six lay
was a component in the out-of-plane diffraction due to d
order in the lattice constant in the out-of-plane directio
again consistent with the modulated surface structure o
moiré structure. At higher coverages, 8 and 12 ML, t
stacking of the Co was found to be predominantly twinn
fcc. For a 10 ML thick Co film deposited at RT, a Co film
consisting of planes stacked in fcc, twinned fcc and hcp
also been reported.15

In this paper we present STM results from Co thin film
deposited on Pt~111! at RT. We show that the Co atoms i
the first Co layer take preferably the Pt fcc lattice sites;
2843 ©2000 The American Physical Society
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induced tensile strain in the Co layer is relieved by par
dislocations~surface defects!. The second Co layer, which i
observed to relieve the partial dislocations, displays a ḿ
structure; the Co in-plane lattice parameter is found to tak
value close to that of bulk Co. The moire´ structure is found
to persist up to a coverage of at least 5 ML. The growth
the Co film is observed to be almost flat or two dimensio
~2D! up to a Co coverage of about 3.5 ML. At coverages
5 ML and higher, islands exhibiting a three-dimension
~3D! growth are observed. These islands are found to g
in a predominantly twinned fcc-like stacking. Finally, th
present structural findings are discussed in relation to pr
ous findings of the magnetic properties of the Co/Pt~111!
interface.

II. EXPERIMENT

The STM and AES measurements were performed i
UHV chamber with a base pressure below 5310211 mbar.
All STM images were obtained in constant current mo
with the sample negative. The Pt sample was prepared
separate chamber with a base pressure of approximate
310210 mbar. The sample was cleaned by cycles of 2 k
Ar1sputtering followed by annealing at 1150 K. The clea
liness of the Pt~111! surface and of the Co prepared surfac
was checked by AES; no contaminants such as C an
could be observed within the detection limits. The cle
Pt~111! surface exhibited a distinctive (131) LEED pattern.
The size of the terraces of the sample was found to be 10
nm as observed with STM. Co was deposited from a wa
cooled electron beam evaporator. The typical evapora
rate was 1 ML/2 min as measured by a quartz crystal
crobalance. In separate experiments, to avoid adsorptio
residual gas, the sample was kept at 600 K until sho
before the Co evaporation, and the evaporator was co
with liquid nitrogen, resulting in a pressure well below
310210 mbar during evaporation. No difference was fou
in the results from these preparations. A retarding volta
was applied to the end of the evaporator in order to supp
Co ions from the evaporator, since such ions have previo
been found to influence the growth of thin films.16 The error
in Co coverage was estimated from repeated measurem
to be less than 10% as determined from the ratio between
Co 773 eV and the Pt 237 eV Auger peak-to-peak signa

III. RESULTS

This section is separated into two subsections. In the
subsection, we present results from low coverages of Co
the Pt~111! surface mainly focusing on misfit phenomena.
the second subsection, the results from high Co covera
are presented, and the stacking sequence of the Co adis
will be discussed.

A. Low Co coverages on the Pt„111… surface „1–5 ML …

Figure 1 shows an STM image from a 1.2 ML thick C
film deposited on Pt~111! at RT. From the image, three dif
ferent areas may be observed:~a! the Pt~111! surface,~b! the
first Co layer directly on top of the Pt~111! surface layer, and
~c! the second Co layer on top of the first Co layer. T
different areas are indicated in Fig. 1.
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STM images with higher resolution from the correspon
ing areas as shown in Fig. 1 are presented in Fig. 2. It sho
be noted that the images shown in Fig. 2 are not recor
from the same preparation as in Fig. 1, but are selected
ages from different preparations in order to highlight the fe
tures observed in Fig. 1. Figure 2~a! shows an STM image
with chemical contrast from the Pt~111! surface which is not
covered by Co, corresponding to region A in Fig. 1. T
image displays a Co-induced double line reconstruction
the Pt~111! surface due to tensile strain in the Pt surface;
darker atoms on the left-hand side of the image are Co at
incorporated into the Pt~111! surface. The Co-induced
double line reconstruction and dendrite formation on Pt~111!
has been discussed in detail elsewhere.9,17The present results
show that the Co-induced double line reconstruction may
formed at a temperature as low as RT, however the num
of the double lines at this temperature is lower than at te
peratures slightly above RT.

Turning to the appearance of the first Co layer, Fig. 2~b!
shows an STM image with chemical contrast of Co
Pt~111! from a 1.2 ML thick Co film deposited on Pt~111! at
RT, corresponding to region B in Fig. 1. The image sho
Co atoms which have diffused and attached to a Pt step e
~lower right part of the image!, thus the atoms underneath th
Co atoms are Pt atoms. The bright spot in the image~upper
left! is due to second-layer Co atoms adsorbed on the firs
layer. In the first Co layer, lines of brighter Co atoms may
observed. A line drawn in the@11̄0# direction across such
bright lines, as indicated in the close-up STM image in F
3~a!, demonstrates that the Co atoms in this direction are
in a straight row. The direction of the shift of the atoms
between the brighter lines results in the sketch in Fig. 3~b!, in

FIG. 1. STM image of a Pt~111! surface with a 1.2 ML thick Co
film deposited at RT displaying three different levels:~a! Uncov-
ered part of the Pt~111! surface,~b! the first Co layer,~c! the second
Co layer. The image has been enhanced in order to display the
levels simultaneously, leading to artefacts at the steps. The n
observed in the lower part of the image is due to an unstable t



e
io

m

b

r
at
b

-
tin
th
s

eat-

bor-
toms
een

as
re-
all
p-
not
s in

ow

d

g
tack-
t

the
ter-

in
g
aller
oc-
f the
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which it is shown that the atoms in between the brighter lin
occupy hcp sites. A schematic model of a partial dislocat
is shown in Fig. 3~c!. From Figs. 2~b! and 3 it is clear that Co
takes preferably the Pt fcc lattice sites, with a smaller nu
ber of Co atoms in disordered~bridge! or in hcp sites due to
the stress in the Co overlayer.

Due to the mismatch of29.4% between the Co@nearest-
neighbor~nn! distance 2.51 Å) and the Pt~nn 2.77 Å) lat-
tice, the Co overlayer becomes strained, which is relieved
the partial dislocations~tensile strain!. Similar dislocation
lines have in the recent past been observed for a numbe
clean surfaces and thin metal film on metal substr
systems.18–21Such a dislocation system may be described
the Frenkel-Kontorova model22 for a weakly incommensu
rate phase. This model is characterized by two compe
interactions, the interatomic in-plane interaction between
Co atoms and a corrugated substrate potential. In the pre
case, the system obviously achieves the lowest energy
occupying most of the substrate’s corrugation minima~hol-

FIG. 2. STM images from areas corresponding to those sh
in Fig. 1, but with higher resolution.~a! STM image with chemical
contrast of the uncovered Pt~111! surface, displaying a Co induce
double line reconstruction~Refs. 9 and 17! and single Co atoms
embedded in the first Pt layer.~b! STM image with chemical con-
trast of the first Co layer, displaying a dislocation network.~c! STM
image with atomic resolution of the second Co layer, displayin
moiré structure.
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low sites!, and squeezing a few atoms close together, cr
ing a heavy domain wall~partial dislocations!. The domain
wall is observed as brighter appearing Co atoms on the
der between the fcc and the hcp regions since these a
occupy mainly bridge positions. The close distance betw
the two domain walls adjacent to the hcp area in Fig. 2~b! is
due to the preference of the Co layer to grow in an fcc
compared to hcp stacking, resulting in only small hcp
gions in the first layer. It would be expected that the sm
difference in stacking fault energy for Co would lead to a
proximately equal areas of hcp and fcc regions, which is
observed. The reason for the observed large difference

n

a

FIG. 3. Model for the features observed in Fig. 2~b!. ~a!
Close-up of the STM image in Fig. 2~b!. The lines drawn demon-
strates that the Co atoms are not in a straight line across the s
ing fault region. ~b! Top view of a model of the stacking faul
region, the black topmost spheres being Co atoms. Based on
known crystallographic directions of the substrate, it can be de
mined that the Co atoms are in hcp sites in the small region
between the brighter lines.~c! A schematic sketch of the stackin
fault region. Regions of fcc stacked Co are separated from sm
areas of hcp Co by partial dislocations, in which the Co atom
cupies mostly bridge sites explaining the brighter appearance o
dislocation lines.
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fcc and hcp areas may be due instead to a proximity t
commensurate phase.23

In addition, brighter single atoms may also be observed
the Co layer. These atoms are Pt atoms, which may be
ized by comparing the similar appearance of these at
with the Pt atoms at the Pt step edge@lower right in Fig.
2~b!#, indicating a very limited diffusion of Pt atoms to th
surface.

The formation of the second Co layer on top of the fi
layer results in the formation of a moire´ structure as shown
in Fig. 2~c!. This structure is a result of a different in-plan
lattice spacing of the Co overlayer as compared to that of
Pt lattice in the Pt~111! surface, and has been observed p
viously with STM in this system8 as well as for other sys
tems, e.g., Ref. 24. From the periodicity of the moire´ struc-
ture it is possible to deduce the contraction of the in-pla
lattice spacing as compared to the in-plane lattice spacin
the Pt~111! surface from the moire´ formula.26 An STM im-
age from 2.5 ML of Co on Pt~111! is shown in Fig. 4~a!. We
find that the periodicity of the moire´ structure is 12.761.1
Co atoms resulting in a Co in-plane lattice constant c
tracted by 7.960.7% as compared to the Pt~111! in-plane
lattice distance, slightly more than 6% as found in the pre
ous STM study.8 The corresponding number for bulk Co
9.4%. A hard-sphere model for the Pt-Co interface show
the moiréstructure is shown in Fig. 4~c!.

As we increase the Co coverage on the Pt~111! surface,
the Co-induced moire´ structure persists, as shown by a set
1003100 nm2 STM images in Fig. 5. Figure 5~a! shows an
STM image of 2.2 ML of Co deposited at the Pt~111! surface
at RT. In this image, at least three levels displaying a mo´
structure may be observed. The large, flat areas from w
the moiréstructure may be observed indicate that the ord
ing in the second Co layer is higher than the observed or
ing in the first Co layer in Fig. 2~b!. Therefore, we conclude
that the dislocations observed in the first Co layer@see Fig.
2~b!# are lifted as the second Co layer is being formed. T
above observation is in agreement with the conclusi
drawn from the previous STM study.8 Further, in the case o
epitaxial films of Cu and Ni on Ru~0001! with a 5.5% and
8.1% lattice distance mismatch, respectively~tensile
strain!,19,20 rearrangements of several layers have been
served as additional layers are deposited. Also, recent stu
of thin films of Ag on Pt~111! ~Ref. 27! have shown that
partial dislocations observed~in this case due to 4.3% com
pressive strain! in the first Ag layer may be relieved by th
second Ag layer. For the present system, it should be no
since STM is only sensitive to the topmost layer, a poss
small diffusion of Pt into the first Co layer during the rea
rangement of this layer cannot be excluded.

Figure 5~b! shows an STM image of an approximately 3
ML thick Co film on the Pt~111! surface. In this case, five
levels displaying the moire´ structure may be observed. Th
steps of the adislands have become more straight~the num-
ber of kinks and corners have been reduced!, i.e., the step
coarsening has decreased. The reduced number of kinks
corners should lead to a higher effective Schwoebel barrie25

An STM image from 5 ML of Co is shown in Fig. 5~c!. At
least six levels displaying a moire´ structure may be observed
The step coarsening has decreased further, and the size
adislands has increased. Also, some islands have a mor
a
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angular shape. The corrugation of the moire´ structure is de-
creasing as the coverage is increasing, reflecting the num
of levels between the observed terraces, and the inter
between the Pt~111! surface and the first Co-layer~causing
the moiréstructure!.

By comparing the periodicity of the moire´ structure in
STM images recorded from samples with different Co co
erages, we observe no change as the Co coverage is
creased, indicating no additional change of the in-plane
tice constant of the Co overlayer within our detection limit
It should also be noted that we cannot determine whether
grows in an fcc or an hcp stacking sequence based on
lattice constant as obtained from the moire´ structure, since
the in-plane lattice distances for Co~111! and Co~0001! are
very similar.

FIG. 4. ~a! STM image with atomic resolution of a 2.5 ML thick
Co film deposited on the Pt~111!. The white arrow indicates the
periodicity of 12.761.1 Co atoms of the moire´ structure.~b! Line
scan showing the corrugation of the Co film corresponding to
black line in Fig. 4~a!. ~c! Top view of a hard-sphere model of th
atomic arrangement of the Pt~111! substrate and the first 7.9% con
tracted Co layer, resulting in the moire´ structure.
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FIG. 5. STM images showing
the development of the moire´
structure and the surface morpho
ogy displayed by the Co thin film
with increasing Co coverages fo
~a! 2.2 ML of Co, ~b! 3.5 ML, and
~c! 5 ML of Co.
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B. High Co coverages on the Pt„111… surface „3.5–15 ML …

Figure 6 shows a set of 3003300 nm2 STM images with
Co coverages ranging from 3.5 to 15 ML deposited
Pt~111! at RT. As the influence of the moire´ structure is
reduced with higher Co coverage~5 ML and higher!, we
observe pyramidal islands with triangular shape. The tri
gular shape is due to the existence of two types of steps
~111! surface, the so-calledA and B steps, with~111! and
~100! microfacets, respectively. If one facet is preferred e
ergetically or has a different growth speed~the detailed pro-
cess is irrelevant in the present context!, instead of hexagons
~sixfold symmetry! we will observe triangles~threefold sym-
metry!. Further, if the same microfacet is favored indepe
dent of the Co thickness, and if the step-step distance is l
enough to allow any direction of the step, fcc stacking a
hcp stacking will lead to triangles stacked facing the same
the opposite direction, respectively. Examples of these
cases are indicated in Fig. 6~b!. Thus, we may conclude tha
n

-
a

-

-
ge
d
r
o

in the top layers both fcc and hcp stacking are present at a
coverage of 5 ML, however with clear predominance of f
stacking. For the lower levels, we cannot determine
stacking sequence in this way, as the distance between
steps is too small to allow for alternating orientation of t
angular terraces. The shape of the terraces in these leve
rather dominated by the repulsive step-step interaction.

Even though the above arguments are convincing
have been used in previous STM investigations,8 the fact that
Co is observed to grow in an fcc stacking sequence is
prising. Therefore, we show an additional proof for this co
clusion in Fig. 7, in which we analyze a defect observed
an island such as shown in Fig. 7~a! from a Co film with a
thickness of 8 ML. There, a straight step with a height of1

3

of the height of a normal Co step is found on the upp
terrace. In continuation of this13 step, on the lower terrace
there are steps with23 height, but facing the opposite direc
tion ~i.e., step-down when moving from upper left to low
FIG. 6. STM images showing the development of the growth and morphology of thin Co films on Pt~111!. ~a! STM image of a 3.5 ML
thick Co film. ~b! STM image of a 5 MLthick Co film. The arrows indicates islands with fcc and hcp Co stacking.~c! STM image of an 8
ML thick Co film. The inset shows an STM image demonstrating the moire´ structure observable in the valleys between the islands.~d! STM
image of a 10 ML thick Co film. The arrows indicates the existence of fcc twins.~e! STM image of a 15 ML thick Co film.
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FIG. 7. ~a! STM image of an 8 ML thick Co film on Pt~111! showing a stacking fault in a Co island. The line scan across a step an
intersection of the stacking fault plane with the surface demonstrates that the height of the Co step is approximately 0.22 nm
stacking fault results in a step height of 0.07 nm or1

3 of the Co step height on the upper terrace. On the lower terraces,2
3 steps are found.

Fractions1
3 and 2

3 in the image give the step height as a multiple of the interlayer distance of fcc Co~111!. ~b! The model shows how a

stacking fault in a (1̄11) plane is formed. Black dots show the positions of the atoms’ centers without a stacking fault~fcc lattice!, whereas

the open dots give the position of atoms in the hcp hollow sites of the (11̄1) plane. This allows us to conclude that2
3 steps caused by the

intersection of a stacking fault with the surface have the same orientation as B steps on a regular fcc lattice, whereas1
3 steps caused by a

stacking fault have the orientation ofA steps.
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right in the image!. This is a clear fingerprint of a stackin
fault plane intersecting an fcc~111! surface. The model@Fig.
7~b!# shows how such a stacking fault is formed by placi
atoms into the hcp sites of a (11̄1) plane. Such a stackin
fault mayonly exist in an fcc stacked film.28 These stacking
faults are commonly observed in the islands. At least se
of the islands in Fig. 6~e! exhibit such stacking faults. No
dislocations typical for hcp stacking have been found on
of the islands identified as fcc via the shape of the terra
On the other hand, the islands identified as hcp@see Fig.
6~b!# never show stacking faults as the one shown in Fig
Since most islands without a stacking fault show the sa
island shape at the top as those with an fcc stacking fault
must therefore conclude that the stacking sequence is
almost everywhere for Co coverages of 5 ML and above
the triangles are alternating, we have to conclude that t
are stacked in an hcp sequence, as indicated in Fig. 6~b!.
n

y
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.
e
e
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Further, as stated above, it is clear that one of the step
entations is favored. The stacking fault shown in Fig. 7 p
vides us with the relevant information in order to determi
which. It is obvious from Fig. 7~b! that the orientation of a23
step caused by a stacking fault is the same as that of aB step
~descending when crossing it in the@ 2̄11# direction!. A 1

3

step has the opposite direction~ascending when crossing it i
the @ 2̄11# direction! and therefore the same orientation as
A step. Thus we find that the longer sides of the triangles
A steps, as opposed to the predominant facet present du
growth of Pt on Pt~111! at intermediate temperatures, whic
was found to be aB step.25 In addition, since the stacking
fault is observed to run all the way to the bottom of t
island, it is clear that the geometry of the islands does
change as the triangles are stacked on top of each othe

Returning to Fig. 6~a!, which corresponds to a Co cove
age of 3.5 ML, hardly any characteristic island shapes
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flecting the stacking sequence of the Co layers are obser
even though the Co coverage is sufficient to speak of hc
fcc stacking. Thus we are not able to distinguish between
and hcp Co in the coverage region between 1 and 3.5
neither from the moire´ structure nor from the shape of th
islands. Many steps are rather irregular, quite in contras
the straight steps found at higher coverages. It is well kno
that dislocations may disturb and influence isla
nucleation.29 The moiréstructure as discussed above is dire
evidence for an undulating surface with a resulting variat
of the in-plane and out-of-plane lattice distances, which
likely to influence the preference of the growth directions
the islands.

In Fig. 6~c!, corresponding to 8 ML of Co, triangula
shaped islands with more than 10 levels may be observe
is clear from Fig. 6~c! that the vast majority of these triangle
does not change orientation from layer to layer, direc
demonstrating that Co grows in a predominantly fcc str
ture at this Co coverage. In fact, the images presente
Figs. 6~c!–6~e! are very similar to recent STM images pr
sented for Pt on Pt~111!,25 which grows with an fcc stacking
sequence. The moire´ structure induced by the Co is visible
the lower levels in the valleys between the islands, as ill
trated by the inset in Fig. 6~c!. Further, two opposite direc
tions of the triangles may be identified as indicated in F
6~d!, demonstrating the existence of fcc twins, the stack
sequence beingABC . . . and CBA . . . , due tostacking
faults in a lower level. It should be noted that the existen
of the twins, if the domains of the twins have an appro
mately equal area as in the present case, will cause the
served superstructure spots due to the Co in-plane lattic
LEED to have a sixfold symmetry. Finally, in Fig. 6~e! is
shown an STM image from 15 ML of Co. The appearance
the islands is similar in Figs. 6~c! and 6~d!, the difference
being that the island sizes become larger as the Co cove
is increased.

The present study for Co coverages of above 5 ML
rectly demonstrates that Co grows with a predominantly
stacking sequence. This result is in agreement with prev
x-ray studies,14,15 but in disagreement with the observatio
made in the earlier STM study8 and EXAFS measurements.10

These contradictory results concerning the stacking sequ
of Co may be compared to those that have been obtaine
Co/Cu~111!, further illustrating the difficulties that exist in
determining the stacking sequence of thin Co films. X-ra
diffraction measurements30 of 4 nm thick multilayers of Co
and Cu on Cu~111! concluded that Co grows in a predom
nantly twinned fcc stacking sequence. For a single Co fi
on Cu~111! the results reported in the literature for Co film
up to a thickness of 5.5 ML vary depending on the numbe
steps on the surface or segregation of Cu to the surface o
Co film.31–33Above 5.5 ML, indirect investigations based o
the magnetic properties indicated Co films stacked in a
sequence,34 but no clear distinction between hcp and f
could be made.

As a quantitative criterion allowing to distinguish b
tween 2D and 3D growth of the Co films, Fig. 8 shows t
fraction of the terrace levels as estimated from the STM
ages in Figs. 5~a! and 6~a!–6~e!. In the case of pure 2D
growth, interlayer diffusion across step edges to a lower
race must be present, resulting in a limited number of lev
d,
or
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In the case of pure 3D growth, in which no interlayer diff
sion is present, the distribution of the terrace levels is
pected to follow a Poisson distribution.35 Therefore, the ex-
pected Poisson distribution of the number of levels for ea
Co coverage is also plotted in Fig. 8. It may be seen fr
this figure that the data points agree fairly well with th
Poisson distribution at higher Co coverages, but at low
coverages two terrace levels make up most of the image a
adding support for a 2D growth mode in this coverage
gion. It should be noted that the estimation of the level d
tribution from the STM images is not straightforward, due
difficulties in observing underlying steps, completely fille
levels~the ‘‘0’’ level is unknown for higher coverages!, and
the limited sharpness of the STM tip. We believe that t
resulting errors are sufficiently small, however, to allow
clean discrimination between 2D and 3D growth.

IV. DISCUSSION

We suggest that the reason for the 2D growth mode
lower Co coverages is due to rough step edges caused b
highly strained interface between the Co and the Pt~111!
surface. The strained interface results in the moire´ structure
which in turn results in an overlayer with a high density
kinks and corners. Such sites are common in the pre
system in the Co films with 1–5 ML of Co. The presence
such an overlayer is likely to facilitate 2D growth since it
known25,36–39that sites such as kinks and corners are fav
able sites for adatom interlayer diffusion. As the coverage
increased, the influence of the strained interface decrea
resulting in a lower number of kinks and corners~reduced
step-coarsening!, which in turn results in a 3D growth. I
should, however, be noted that the diffusivity of adato
may change as the influence of the strained interface is
creasing, i.e., as the thickness of the added film
increased,20,29which may additionally affect the morpholog
of the Co film.

Finally, we would like to comment on previous finding
concerning the relation between changes observed in
PMA and the structure of the Co film. In Ref. 7, PMA wa

FIG. 8. Estimation of the distribution of the fraction of leve
present in the STM images shown in Fig. 5~a! and Figs. 6~a!–6~e!,
and the fraction calculated from a Poisson distribution for ea
coverage as would be expected for a 3D growth with no interla
diffusion ~Ref. 35!. Note the improved agreement between the e
perimental and calculated values as the Co coverage is increa
The Co coverage is indicated in each plot.
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observed up to a Co coverage of approximately 4–6 M
while at higher Co coverages it disappeared and instead
plane anisotropy was observed. In light of previous findin
from thin Pt/Co/Pt sandwiches,5,6 a possible relationship be
tween the change of the magnetic properties at the inter
and the structure would be a change in the stacking from
to hcp with increasing Co coverage. However, in the pres
investigation, we do not find any evidence for such a beh
ior; instead we find, in this coverage regime, a change fr
a 2D growth mode to a 3D growth mode.

Since the interface is expected to give a contribution
the magnetic anisotropy,40 the decrease of the PMA coincid
ing with the appearance of a 3D growth mode may expl
the SMOKE results. We speculate that the onset of the
growth as observed in the present investigation may t
result in a reduced importance of the influence from the
terface on the observed magnetic anisotropy, i.e., the vol
anisotropy overcomes the Co/Pt interface anisotropy, c
firming conclusions based on LEED and AES in Ref. 1
Such a scenario is also consistent with the known importa
of the ‘‘sharpness’’ of the interface.41

Further, a parameter which has been observed to influe
the PMA is a change in the lattice constant in the out-
plane direction.42 In the present system, such a changeis
present in the Co layers with increasing Co coverage, s
the moiréstructure exhibits a modulated out-of-plane latti
distance at low Co coverages, which become less p
nounced with increasing Co coverage as the Co relaxes t
bulk lattice constant. Thus, this change may be of importa
since it also coincides with the observed change in the PM
Using STM to determine vertical displacements as s
which are under consideration for the present system is
appropriate, due to the uncertainties involved in such m
surements. Further, reliable details of the structure on
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atomic level, which would be needed as an input for theo
ical investigations to study the influence of vertical strain
magnetic properties, are unfortunately difficult to obtain f
the present system using a diffraction technique such
LEED due to the large unit cell of the moire´ structure. A
more suited technique for such a determination would
SXRD due to the kinematical nature of x-ray diffraction.

V. SUMMARY

In summary, we have studied the evolution of the stru
ture, growth, and morphology of thin Co films deposited
RT on Pt~111! using STM. We have demonstrated that t
first Co layer resides predominantly in the Pt fcc hollo
sites. The strain in the Co layer is relieved by the format
of dislocations resulting in smaller areas of Co in hcp sit
the fcc and hcp areas being separated by Co in bridge s
The second Co layer is found to relieve the strain in the fi
layer, resulting in the formation of a hexagonal moire´ struc-
ture, the Co in-plane lattice distance being close to tha
bulk Co. The moire´ structure persists up to a Co coverage
at least 5 ML. The growth appears to be smooth or 2D up
a Co coverage of about 3.5 ML. Above this coverage a
growth is observed. The Co layers in these triangular sha
islands are shown to be stacked in a predominantly twin
fcc stacking.
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