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Strain relief and island shape evolution in heteroepitaxial metal growth
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Atomistic scale calculations reveal that cobalt islands on Cu~001!, as they grow in size, undergo unusual
shape evolution. The strain relief in the Co islands is predicted to have a strong effect on the shape of the
islands and the morphology of the substrate in the early stage of the film growth. We show that strain and stress
at the interface vary strongly on an atomic scale. Our results demonstrate that the strain relief in the early stage
of heteroepitaxy is more complicated than suggested by simple considerations based on the lattice mismatch of
bulk materials.
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The classical rule used to predict heteroepitaxial growt
based on the lattice mismatch between film and substra1

However, several recent experiments2–4 have shown that the
scenario of the strain relaxation at metal interfaces is m
complicated than expected from the lattice misfit. In cont
diction to lattice mismatch consideration, a tremendous co
pressive stress in Ni on W~110! below 0.5 monolayer~ML !
was measured.2 Also, for Fe, Co, and Cu on W~110! com-
pressive stress was found, while tensile stress is expe
from mismatch arguments.3 A giant compressive surfac
stress for the first few monolayers of silver on Pt~111! was
reported, which is far beyond the stress induced by
misfit.4 The results of stress measurements in the submo
layer range give clear evidence that continuum elasticity
lying on bulk reference data is of questionable relevance
films thinner than 10 Å.2 Ab initio studies have shown tha
for very thin cobalt films the comparison of the bulk lattic
parameters of the two materials is inappropriate to st
strained Co layers on Cu~001!.5

In the initial stage of metal heteroepitaxy the lattice m
match between film and substrate material leads to strai
islands. Strain-induced shape transitions in islands were
dicted by Tersoff and Tromp.6 Recently Mulleret al.7 have
demonstrated that even at interfaces with square symm
strain relaxation in islands can lead to growth of ramifi
islands. The shape of islands is determined by the ene
balance of the atomic bond energy within the islands and
strain energy due to the lattice mismatch. In small islands
mesoscopic misfit can be different from the macrosco
one, which has a meaning only for infinite phases. It w
shown that the mesoscopic misfit should depend on the
of nanostructures.8 Relaxations of atoms in islands caused
the mesoscopic misfit can lead to in-plane lattice spac
variations, which cannot be predicted using macrosco
mismatch arguments. Recently in-plane lattice oscillatio
were observed during the heteroepitaxy and homoepitax
metals.9,10

In this report we demonstrate that even in systems wit
small lattice mismatch the island growth in the initial stag
of metal heteroepitaxy is drastically influenced by the si
dependent strain relaxation. We concentrate on Co island
PRB 620163-1829/2000/62~23!/15398~4!/$15.00
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Cu~001!. The growth of Co on Cu~001! is of general interest
in the area of magnetoelectronics, because the quality of
Co/Cu interface has a strong influence on properties suc
giant magnetoresistance, magnetic anisotropy, and osc
tory exchange coupling.11 We demonstrate that cobalt is
lands, as they grow, undergo a size-dependent shape tr
tion. The interplay of surface morphology, strain relief, a
surface stress is revealed.

Atomic scale simulations are performed by means of
quasi–ab initio molecular static method recently develop
in our group.12 This approach is based on first principle ca
culations of selected cluster-substrate properties, which
used in the fitting ofN-body potentials. The potentials ar
formulated in the second-moment tight-binding approxim
tion. The combination ofab initio and semiempirical meth
ods allows us to reproduce accurately the bulk and surf
properties and to include implicitly magnetic effects in t
interatomic forces. Details of the method and the parame
of the potentials can be found elsewhere.12

The macroscopic misfit between cobalt and copper
small ('2%). This would suggest a small tensile strain
Co nanostructures on Cu~001!. However, the reduced num
ber of nearest neighbors near the island edges causes l
binding energies for edge atoms. These atoms are relaxin
the direction of the center of the island and take other eq
librium positions with shorter bond length than that of Co f
bulk. Small islands should adopt their intrinsic bond leng
which can be different from that in the bulk. Therefore, t
mesoscopic misfit between cobalt clusters and the cop
substrate can also be different from the macroscopic mi
which has a meaning only for infinite phases.

In order to quantify the view of the mesoscopic misfit a
strain relaxations in the islands we calculate in the fully
laxed geometry the average bond length in the tw
dimensional compact Co islands on Cu~001!. Our results are
presented in Fig. 1. One can see that average bonds in
islands are shorter than the bond length in fcc Co and
bulk due to the strong relaxation of edge atoms. With
creasing size of the cluster, the effect of edge atoms beco
less important and the average bond length increases. St
a Co island containing 100 atoms (Co100) the average bond
15 398 ©2000 The American Physical Society
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length is smaller than that in fcc Co bulk. The above resu
indicate that strain relaxations in small Co islands may le
to pronounced structural changes in the substrate and
shape of clusters.

In order to get a deeper insight into the strain rel
mechanism in the Co islands the shape of the islands and
surface morphology under the islands are determined.
evolution of the Co island shapes with increasing size
presented in Fig. 2. These results demonstrate that the isl
and the surface layers are not flat anymore. The islands
sume a platelike shape, and an adsorption ‘‘hole’’ appear
the surface under the island. The edge atoms in the Co
lands are highest. In Fig. 3 we show the atomic displacem
in the Co36 island and in the substrate along the^110& direc-
tion. The substrate atoms under the island are pushed d
while substrate atoms at the outer edge of the Co island
pushed up. This effect could provide an effective block
island mobility. The average strain~determined by measur
ing bond lengths! in the substrate layer under the cluster
the direction parallel to the surface is negative, i.e., the s
strate atoms are under compressive strain. In contrast
average strain of the substrate atoms at the outer edge o
island is tensile. Thus, small Co islands formed in the ea
stage of thin film growth introduce a strong inhomogeneo
strain distribution in the surface layer.

FIG. 1. The average Co-Co bond length in the two-dimensio
compact Co islands on Cu~001!.

FIG. 2. The evolution of the Co island shape with increas
size.
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It is important to note that the displacement fields on
Cu~001! under and near the Co islands are very similar to
results obtained for individual surface steps using ela
theory and atomistic simulations. Examples here include,
are not limited to, steps on Ni and Au surfaces.13 It was
found that the atomic displacement fields near surface s
exhibit a nontrivial behavior: there is a plane across wh
the out-of-plane atomic displacements change sign. Thi
the same effect that we have observed at the Co/Cu~001!
interface~cf. Fig. 3!. With increasing island size the hole i
the surface under the island becomes smaller and ‘‘bendi
of the island decreases. Thus, the growth of the Co
Cu~001! proceeds by a strong shape transition in the isla
and a significant change of the surface morphology. Isla
coalescence will dominate for larger coverage, which
duces the strain relaxations in the islands and in the sur
layer.

We should emphasize that step bending and island sh
transitions have been predicted using elasticity theory.14,15

Here these effects are investigated for transition metal
eroepitaxy by performing atomic scale simulations.

We think that the above results reflect the reaction of
atoms on the large mesoscopic strain, i.e., Co atoms pref
adopt their intrinsic bond lengths, being shorter than the b
bond length. The competition between Co-Co and Co-
interactions is also a driving force for the shape transitions
the clusters and the substrate. Our calculations show tha
Co-Co interaction is stronger than Co-Cu and Cu-Cu int
actions, and consequently we found a stronger relaxatio
Co-Co interatomic distances in the Co cluster. The repor

l

FIG. 3. The vertical displacement of Co atoms in the Co36

square island and the surface atoms in the topmost layer unde
island in ^110& direction; interlayer distanced051.8075 Å and
lattice constanta053.615 Å.
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changes in the cluster shapes and the substrate are like
general importance and should have a profound effect
island growth.

While we have used a particular system to illustrate isla
shape evolution in heteroepitaxial metal growth, it is gen
ally true that strain makes the island shape size depende15

Even in the case of homoepitaxy, where there is no ma
scopic mismatch, the mesoscopic mismatch exists8 because
islands have different bond lengths compared to the b
Therefore, similar to heteroepitaxial growth, homoepitaxy
the mesoscale region can proceed by a shape transitio
islands.

Similar effects can exist in the case of a highly strain
semiconductor heteroepitaxy. For example, rec
experiments16 on Ge/Si~100! islands have shown that an in
homegeneous strain distribution in the Si substrate at
base of the Ge island leads to the diffusion of the hi
strained substrate material to regions of lower strain
trenches at the base of the islands are formed. The first
lecular dynamics examination of a strained Ge/Si syste
revealed a highly inhomogeneous nature of stresses
strains on an atomic scale.17 In the case of Co/Cu~001!, we
find that the vacancy activation energy is drastically redu
near the cluster edge compared to a flat substrate18 due to the
increased tensile strain in the substrate at the cluster edg~cf.
Fig. 3!. Therefore, we expect that similar to the observat
on Ge/Si~100! islands,16 the Cu atoms will diffuse from nea
the island perimeter to regions of lower strain. Presumam
such a mechanism can promote burrowing of Co clusters
the Cu~001! recently observed in experiments.19

We believe that the small film strain of the order of 0.1
can induce a significant change in magnetic anisotrop20

Thus, the shape evolution in the Co islands can have a st
effect on magnetic properties in the early stage of growt

It is interesting to note that in calculations using the e
bedded atom potential a tentlike shape of Au clusters on a
surface21 and Ag clusters on a Pt surface was revealed.22 It
was also shown23 that adsorbate atoms Li, Na, and Mg on t
~001! surface of Li induce a shallow hole in the substra
while the Al adsorbate creates a low bump.

Finally, we turn to the stress distribution in the islan
and in the uppermost Cu substrate layer. We perform ca
lations of the atomic level stress components:17

sab~ i !52
1

V0
Fpi

api
b

mi
1

1

4 (
j

~r i j
b f i j

a 1r i j
a f i j

b !G , ~1!

where (ab)[(x,y,z), mi and pi are the mass and momen
tum of atomi, rW i j means the distance between atomi and j,
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fW i j is the force acting on atomi due to atomj, andV0 defines
the average atomic volume.

Figure 4 shows the atomically resolved hydrostatic str
Ps5Tr(sab) in the Co36 island and in the surface layer. On
can see the spatially varying nature of the stress on the
atomic layer. At the island edge, the stress is highly tens
while the substrate layer under the island is seen to exh
compressive hydrostatic stress. The tensile hydrostatic s
at the cluster center is different from that at the edge.
expect that the inhomogeneous stress distribution in the
lands will influence the motion of atoms on top of the i
lands. It is worth noting that an empty zone found for ato
diffusion on clusters24 likely can be explained by the inho
mogeneous stress distribution in islands.

In conclusion, the strain relief in the Co islands is pr
dicted to have a profound effect on the shape of the isla
and the morphology of the substrate in the early stage of
film growth. Small Co islands and the surface under th
islands are not flat due to strain relief. A strongly inhomog
neous stress distribution in the substrate near Co islands
been revealed. This phenomenon is expected to be of gen
importance in transition metal heteroepitaxy and can hav
strong effect on magnetic properties. We believe that str
fields at the mesoscale stage will be possible to detect us
for example, a new x-ray diffraction imaging procedure th
has been recently proposed25 for non-destructive determina
tion of local strain with a high spatial resolution.

Calculations were performed on the Cray computer of
German supercomputer center~HLRZ!. This project was
supported by Deutsche Forschungsgemeinschaft~DFG!.
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