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Interface intermixing in metal heteroepitaxy on the atomic scale
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We reveal the main mechanism of interface intermixing in the early stages of heteroepitaxy. Performing
atomic scale calculations witlib-initio-based many-body potentials, we show that submonolayer inclusions of
Fe atoms in the topmost layer of @®1) observed in experiments are caused by a collective process of atomic
exchanges near small embedded Fe islands. We demonstrate that mesoscopic relaxations in the substrate
depend on the size of embedded islands and drastically affect site exchanges.
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In the last few years considerable attention has been paid Simple arguments to understand the atomic behavior at
to different mechanisms of growth and intermixing in het-interfaces based on such macroscopic properties as surface
eroepitaxial metallic systems. The complete knowledge ofnd interface energies are rather questionable when applied
the properties of this kind of systems, especially when theyo individual adatoms. To our knowledge, no studies have
have magnetic properties, is of crucial importance because dfitherto been performed to explain the mechanism of inter-
their potential technological applicatiohs Tersoff showed mixing for Fe adatoms on the Q@01) surface at the atomic
that surface-confined mixing can be expected quite generallycale.
in systems dominated by atomic size mismdtch. The main goal of this paper is to reveal this mechanism

There have been reported different mechanisms for interand to show that intermixing is determined by a collective
mixing in heteroepitaxial systems. The main known are theyrocess of atomic exchanges near embedded small Fe is-
fO”OWing: eXChange of Single adatoms with the substrate iqands' While we use a particu|ar system, our f|nd|ng is of

order to stabilize the whole systdifior example, Co adatoms general importance for understanding of heteroepitaxial
deposited on the GQ01) surfac&®] and burrowing of clus- growth.

ters into the substrate. The later effect was foundgfor CO" \We perform atomic scale simulations wish-initio-based
clusters on C(D01), Ag(001), and Au11D) substrates® A many-body potentials and demonstrate that mesoscopic re-

novel mefohanlsm O.f intermixing has peen predlcted by.GOIaxations near embedded islands strongly influence diffusion
mezet al.~ Performing Monte Carlo simulations for Co is- barriers of site exchanges

lands of different sizes on the QL) surface, they found Atomic scale simulations are performed by a molecular
that above a certain critical size the Co islands exhibit two- . _p y
tatic method. Our system consists of 12 layers tli@k1)

dimensional—three-dimensional transitions and form mixed ) S
Co-Cu clusters. Recently, Pentcheatzal 1 have shown that slab. Each layer contains 2000 atoms. Periodic boundary

intermixing during heteroepitaxial growth can lead to a pi- conditions are emplqyed in two or_thogonal directions in th.e
modal growth and invalidates the predictions of the meanPlane. The two atomic layers are fixed at the bottom. Atomic
field nucleation theory. Even in homoepitaxial systems, it is'¢laxation of Fe adatoms and clusters on th€000) surface
possible to find some effects of intermixing and subsequentlre performed with new many-body potentials constructed in
mass transport; for example, the formation of surface crowthe second-moment tight-bindingTB) approximatiorf:*’
dions in the C(001) substrate due to surface strafn. Our approach is based on fitting parameters of potentials at
In this paper we consider Fe heteroepitaxial growth orthe Fe/Cu interface to accurate spin-polarizddinitio cal-
Cu(001). This system is taken as prototype in order to studyculations of the Hellmann-Feynman forces acting on Fe ada-
the intermixing in heteroepitaxy on the atomic scale. toms on C001) and binding energies of supported and em-
The puzzling structural and magnetic properties of Febedded Fe clusters of different sizes and geometries. Forces
films grown on C@001) have been the aim of many studies and energies of clusters are calculated by means of the
for more than a decadé.Johnsoret al!**®reported that for ~ Korringa-Kohn-RotokefKKR) Green’s-function method for
submonolayer regimes Fe atoms deposited on th®@u  adatoms and supported clust&t§ We use the full-potential
surface form submonolayer inclusions. KKR Green'’s function to determine the Hellmann-Feynman
It was suggested that intermixing at the Fef@i) oc- forces. The combination of the first principles and the TB
curs due to an atomic exchange process. In a reademitio  methods allows one to reproduce accurately properties of
study!® the large barrier of 1.45 eV/Fe atom for the ex- magnetic supported and embedded clusters, and to perform
change process on (D)) has been reported. This energy atomic relaxations for very large systems, which are still out
was considered only as an upper limit, because the surfaas possibilities ofab initio methods'®> We have to stress that
cell used for calculations was not sufficiently large. we use only theb initio results to determine the parameters
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FIG. 1. Schematic view of two exchange processes. Left part%
(atom number & simple exchange on the flat surface. Right part 3§ o050 |
(atom number 2 exchange with two atoms already embedded in
the first layer of the substrate. For the system studied, R80Ty Sl
the activation energy barriers for these two processes are, respe:
tively, 0.78 eV and 0.60 eV.
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of interactions at the surface. Details of our method and sev- g 2. Exchange barrier for the Fe adatom on thg000)

eral applications can be found elsewhet&>*2* surface near embedded square Fe islands. The horizontal line rep-
We consider first the energetics of the elementary eXresents the exchange barrier for a flat surfdef. 20.

change process at the Fe/Cu interface. The replacement of a

substrate Cu atom by an Fe adatom is preferred by 0.44 eV

(0.35 eV if we do not consider the relaxation of the system for embedded islangisand by the local strain relaxations. At

This gain of energy reduces to 0.37 €¥.31 eV without the same time, one can see the big difference that exists

relaxation if the displaced Cu atom lies far away from the between the exchange barrier energy near the biggest island

embedded Fe atom. We have obtained that the energy barriele have plotted49 atom$ and the smallest on@ atoms.

for this exchange intermixing procegsee Fig. 1is about This difference is due to the increasing number of Fe island

0.78 eV, which is considerably smaller than an upper limitatoms that the adatom interacts to and, also, to the fact, that

found in Ref. 16. Our calculations show that the barrier forthe average bond length in the substrate near the embedded

the jump diffusion(0.53 eV} is smaller than for the exchange island increases with increasing size of the islahds we

process. will discuss later, the larger bond lengths reduce the ex-
To explain experimental results on submonolayer Fe inchange barrier.
clusions formed by deposition onto @01) (Ref. 14 Cham- Our recent studies have demonstrated that mesoscopic is-

bliss and Johnsdn suggested that an Fe adatom moves bylands in heteroepitaxy and homoepitaxy introduce a strongly
hopping diffusion before exchange, and is more likely toinhomogeneous strain distribution in the substrate which de-
exchange near another embedded Fe atom. Our study supends on the size of island%.?* We revealed that strain
ports such model of intermixing at the FeA0Ql) interface. relaxations at the mesoscale, determined by the size-
Indeed, we have obtained that the exchange energy barrier é&pendent mesoscopic mismatch, can be much more stronger
reduced to 0.72 eV when we already have one Fe atom in thinan predicted by the macroscopic approach based on the
first layer of the Cu surface. Our calculations show that Fdattice mismatch between film and substrate. In the present
atoms embedded in the topmost layer of @) attract each case, we found an inhomogeneous strain distribution in the
other at nearest-neighbor sites, and as a consequence Fe @t+ substrate around embedded Fe islands. In Fig. 3 we show
oms should form clusters. Embedded clusters tend to stabihe total (color thermometer and vertical and horizontal
lize the whole system. For example, when an Fe adatontomponents of the displacement for an Fe square island of
originally far apart from the embedded Fe cluster, is moved6 atoms embedded in the substrate. These results indicate
to the island, the energy gain is 1.43 eV. Therefore, embedhat strain relaxations in the embedded Fe island may lead to
ded Fe clusters can be considered as preferential centers foronounced structural changes in the substrate. One can see
growth. We have found that the cluster formation stronglythat the surface layer and the embedded Fe island are not flat
affects an exchange process. For example, the barrier for trdue to atomic relaxations. The edge atoms in the Fe island
exchange is reduced to 0.6 eV near the Fe dimer in the tomre highest. The substrate atoms, which are the nearest
most layer(cf. Fig. 1). neighbors of the island, are strongly pushed down, while
Figure 2 shows how the exchange barrier for the Fe adamore distant atoms exhibit upward relaxations. Our calcula-
tom depends on the distance to Fe islands embedded in thiens reveal a strong horizontal displacements of the sub-
Cu substrate. As an example, we present results for four difstrate atoms in the direction to the island. Due to atomic
ferent sizes of square Fe islands. Our calculations reveal i@laxations the bond lengths in the substrate in the vicinity of
strong reduction of the exchange barrier near the island. Thithe Fe island are increased compared to the flat sufface.
effect is caused by the increased interaction between the Feccording to results of Yu and Scheffférthe longer bond
adatom and the island at short distané® main point is lengths lead to an enhanced corrugation of the potential act-
the number of atoms of the island which the adatom interactgg on the adatom and reduce the exchange barrier.
to, therefore we choose, as a general example, a square shapelhe above results offer a consistent explanation of the
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mechanism of intermixing at the Fe/@01) interface ob- ability P of this mechanism at a temperat(raear the island
served by Johnsoet al* This a collective process where, to can be given byP = Pyexp(—AE/KT), with P, denoting the
stabilize the system, each new adatom deposited on the swralue for the reference statéWe have found, for example,
face near the embedded cluster tends to exchange its positititat at room temperature, the probability for the intermixing
with an atom of the substrate. This is also corroborated bylirectly near the embedded island of 36 atoms is more than
our finding that the energy barrier for the edge diffusion often times larger than the probability of this process for the Fe
one Fe adatom along the embedded Fe isldn@9 eV is  adatom at 6—7 A from the island. This difference is even
higher than the exchange barrigee Fig. 2 Thus, the island  bigger if we compare it with the edge diffusion along the
formation around or above the embedded cluster is not faembedded island or with exchange on a flat surface. There-
vored energetically over the formation of embedded islandsfore, we can conclude that the exchange process near embed-
Finally, to clarify more this point, we have tested how ded islands is the mechanism of the formation of Fe inclu-
strong is the above effect. It is clear that a decreasing of theions in C001) found in experiments. We should also note
exchange barrier energy can lead to an enhanced probabilitjiat these results can be tested in the framework of new
of this collective intermixing mechanism compared to an-Kinetic Monte Carlo techniques, recently developed by Hen-
other type of processes. If we choose an infinite embeddekelman and Jonssdf.
island (embedded layg¢ras a reference, the energy of the  To sum up, we have studied the energetics of Fe adatoms
exchange process can be expresseEafE,+AE(X,y), on the Cy001) surface performing atomic scale calculations
whereE, is the energy of the process near the infinite em-with ab-initio-based many-body potentials. Our results show
bedded island and E(x,y) depends on the local character- that Fe adatoms tend to stabilize the system when they lie
istics (local coordinations or strain fiellsThen, the prob- inside the substrate rather than when they are supported on it.
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We have revealed that the exchange barrier of Fe adatonesnbedded islands. This phenomenon is expected to be of
with the substrate atoms strongly depends on the distance general importance in metal heteroepitaxy.
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