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Mechanism of Co nanocluster burrowing on Cy100)
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Using a classical molecular dynamics method we have studied the burrowing mechanism of Co nanoclusters
on a Cu substrate. We found that there are primarily two different mechanisms for the burrowing, depending on
the configuration of the cluster after thermal deposition. Deposited clusters with an epitaxial configuration will
burrow through vacancy migration along the Co-Cu interface, and nonaligned clusters burrow through disor-
dered motion of atoms. The realignment of the nonaligned clusters was found to be due to a collective
rotational movement of the whole cluster during the burrowing process. We discuss these results and perform
a comparison with experimental and previously simulated results.
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[. INTRODUCTION for the analysis of the simulation results. Section Ill contains
the results for our simulations, which is divided into four
Recent experiments performed by Zimmermahal. subsections depending on the type of observations: Sec.
show that when a system consisting of Co nanoclusterfl A, landing; Sec. Il B, epitaxially landed to nonaligned
which land thermally on a Cu substrate is heated up to 600 Kurrowing; Sec. Ill C, burrowing of nonaligned clusters; and
the nanoclusters burrow into the substratransmission Sec. lll D, burrowing of epitaxial clusters. Section Ill E dis-
electron microscopy measurements performed on sucBUsses other interaction models and considers results for the

samples showed that the fully burrowed nanoclusters aréame simulations using alternative potential models. In Sec.
aligned with the substrate. IV we discuss the results and the implication of them, and in
This phenomenon could prove to be crucial for the devel-Sec. V we conclude the findings of this paper.
opment of new high-density storage deviéeSupported
magnetic nanoclusters on inert substrates, like noble metals,
are considered to be good candidates because they satisfy
both the requirements put on novel magnetic materials: size To investigate the burrowing we used classical molecular
integration and highly localized magnetic moments. dynamics simulation®. The size of the substrates used
Although the experiments establish the fact that this proranged from 1000 to 140 000 atoms, and the size of the clus-
cess exists and energy balance considerdtionicate thatit  ters was 500—6000 atoms. The systems used all had periodic
is energetically favorable for the cluster to burrow, it is notboundary conditions in the directions of the surface plane
clear what the mechanism of this process is. and nonperiodic boundary conditions in the direction of the
The most important question on this matter concerns thgurface normal. The two bottom layers of the substrate were
burrowing mechanisms, what kind of mechanisms are infixed, and the next three layers were softly cooled to ambient
volved and how they apply on different cluster configura-temperature. The time step length used was 3.91 fs and the
tions. The answer to this question could play a significantrajectories of the atoms are calculated with 8®R V al-
role in the optimization of the manufactoring process ofgorithm.
nanostructured films of this nature. The Co-Co interaction we used was described by the
How and when the nanocluster aligns up with the sub-embedded-atom-methd&AM) interatomic potential of Pa-
strates lattice is certainly also an interesting question. For agianot and Savinowhich is fitted to the elastic constants of
alignment of crystals with different lattice constants to beCo and the vacancy formation energy. The Cu-Cu interaction
possible, the lattice constants should not differ more thamwas described with the EAM potential by Foffeand the
~3% .3 This is certainly the case for Cu and Co where theCo-Cu interaction was described with a potential constructed
difference is~2%. by Nordlund and Averback.To rule out potential model-
Burrowing of Co nanoclusters on Cu has previously beerspecific artifacts we also ran some simulations with two al-
examined by means of quasib- initio molecular dynamics ternative potential models: the Cleri-Rosato mé%ahd the
(MD) simulations’® These works examine very small clus- model by Levanowet al!* The MD code employed in this
ters, consisting of tens of Co atoms, which are burrowed intavork waspPARCAS which has been used extensively in vari-
the Cu substrate. The main conclusions of these works areus scenarios; details of this code can be found in the
that the magnetic properties of the nanocluster would play dterature®!?13
significant role in the burrowing process and that the cluster We emphasize that the empirical potentials are most reli-
completely loses its initial shape. As we show in this paperable in predicting qualitative trends, since they cannot ac-
nanoclusters larger thanl nm in radius will show a differ- count for the electronic structure of the material and also
ent behavior due to the higher structural integrity. have errors of the order of 10%—20% in the description of
This paper is organised as follows. In Sec. Il we presensome of the quantities they are fitted to. Hence the numerical
the methods used for the simulations as well as the tools usadsults given should be viewed with some caution. We do,

II. COMPUTATIONAL DETAILS
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nevertheless, also give quantitive results to enable other sdhe substrate bulk. In this last case, periodic boundaries were
entists working in the field to check possible calculationsused in all directions.
done with other methods against our numbers. Analysis of the nanocluster movement and alignment re-
The EAM models usétf®in the majority of the simula- quired the development of new analysis methods. A lattice
tions can be motivated physically based on an effectiveanalysis method was developed to analyze the alignment of
medium theory approximation of density functional thetdry. the cluster compared to the substrate, and a grain analysis
For the elemental phasesthe many-body potential formu- methqd was developed to i(jentify.the differe_nt grains of lat-
lation has been constructed such that it can describe all firsfices inside the system. A dislocation analysis method based
order elastic moduli of both Cu and Co correctly. It also®" @ scheme introduced by Kelchner, Plimpton, and

. 8 .
gives a very good description of lattice vacancies, includind"am'ltOnl was further developed to be suited to our needs.

migration properties, and a reasonable description of SO"%o:sheo:a;tigasni?]lyfrz Tﬁtgt(;?sd(e;é%m;gz ttr:)e tlr?(tetilrcigellrrzcs-t
surfaces and melting:* In our previous work, we have P

found that the composite Co-Cu model also describes re neighbors and compares these to the lattice directions of the
bl 'I'bp h t Co-Cu interfd %ubstrate. The method calculates an index for each atom in-
sonably nonequiiibrium phenomena at £0o-Lu Inter Ces'dica’[ing its level of alignment. We call this index the epitax-

Smcg In the present wqu the most important physical Ch‘"‘rfactorFepi. The grain analysis method determines the local
acteristics of the materials can be expected to be the elastig,ironment of every atom and tries to identify the lattice
properties, surface and interface energies, and the behavigpit yectors to its nearest neighbors. By then matching up all
of lattice vacancies, we believe the model used should bge |attice unit vectors, a map of the grains with the same
well suited for this study. lattice can be generated. Using this method boundaries be-
Two different types of initial configurations were used tween the cluster and the substrate can be identified. Both
depending on what we wanted to simulate. The first configumethods are described in more detail in Ref. 19.
ration was an attempt to mimic the experimental conditions, The dislocation analysis method determines the neighbor-
and the second configuration was a recreation of a possiblgood of every atom; in the analysis of this neighborhood it
configuration of the nanocluster in some stage of its burrowiries to identify six pairs of opposite neighbors relative to the
ing. considered atom. The vector for the considered atom to the
Initial configurations of the first type were created by cre-atoms of every opposite pair is notated Rs and R; g,
ating a Co nanocluster in the shape of a Wulff polyhedﬁon, wherei gives the pair index. As described in the original
rotating it with a random angle and placing it above thepaper,®the centrosymmetry parameter is defined as follows:
substrate far enough to prevent interaction between it and the
substrate. The Wulff polyhedron was used because experi- P=> IR+ R 6|2 (1)
ments show that small Co clusters in equilibrium have the i=16
fcc rather than the hep structure expected for bulk! Cbhe
shape of the nanocluster was determined by minimizing th?
surface energy of the Wulff polyhedron. After a short relax- a
ation time at 300 K, the cluster was given a velocity corre- " . ; .
sponding to the thermal energy of 300 K in the direction ofd'SIOC"’H.'On depef‘d'”g on the values Rif To sqlve this in- .
the substrate. After landing on the surface the system wasonvenience we introduce the centrosymmetric vector, which
relaxed for~0.5 ns. After this the whole system was heated'S defined as
to 1000 K and simulated for 10-150 ns depending on
PZ('EIGRi—FRi%) / 8;
=

The original description of this method has the disadvan-
ge that the direction of the dislocation movement cannot be
identified; this forces the analyst to guess about the type of

2

whether anything interesting was observed. To determine the
level of burrowing, snapshots of the system was taken with
0.5-1.0 ns intervals. These snapshots were visually checkeghis vector will show not only the direction of the dislocation
and to numerically analyze them, the atoms were quencheghovement but also show the size of the dislocation relative
to 0 K and the number of Co atoms beneath the orginajp the nearest neighborhood. The vector is divided by 8 to
surface was counted as well as the number of Cu atomgompensate for the number of contributing atoms and the
above the original surface. distance of these atoms; this way the length of the vector will
Configurations of the second type were created by takingjirectly describe the distance the atoms moved to form the
a perfect Cu lattice and replacing the Cu atoms in this latticgjisiocation. This method is well suited for the analysis of
with Co atoms within a volume corresponding to an energetiedge and screw dislocations. These will order upRheec-

cally correct Wulff polyhedron rotated by a certain angle ortors in planes or rows depending on the type of dislocation.
without rotation in an epitaxial configuration. These configu-

rations were relaxed and run at different temperatures rang- Il RESULTS

ing from 600 to 1000 K at times of 0.5—-10 ns. The simula- '

tion of these configurations was used to determine the Several different cluster configurations were tested. We
burrowing mechanism and the processes behind the aligmainly focused on two different cluster sizes which were
ment of the cluster with the substrate. Simulations where theimulated extensively. The smaller cluster with a diameter of
cluster was totally emerged into the substrate were also runy 2 nm proved to undergo full contact epit&yn landing.

to test whether the cluster is able to reorient its lattice withinThis case proved to be quite uninteresting from the burrow-
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FIG. 1. Process of a cluster consisting of 4876 atoms lying (t08) side on the substrate tilting over onto a corria(d) correspond
to the times 4 ps, 300 ps, 350 ps, and 10 ns. The darker spheres represent cobalt atoms, and the lighter spheres represent copper atoms. Tt
figure is rotated so that the viewing direction(is10).

ing point of view; some small burrowing could be observedconsidering burrowing, although the presence of the cluster
but mostly none at all. Previous work discussed in Sec. bn the surface leads to an increased amount of copper ada-
(Refs. 4 and bdescribes such configurations. toms. If the temperature is dropped to 600 K, the cluster will

The most interesting configurations were observed for théind a local energy minimum configuration, where one of the
larger cluster which had a diameter of 5 nm containing 5477110 directions of thg 111) plane matches one of t{¢10)
atoms. In the next subsections we will refer to a cluster ofdirections of the substrate. This observation is already found
this size. Figures 2, 3, and 4 all show results from the sam@ earlier work?
simulation utilizing a cluster of this size. If the cluster lands on a corner or an edge and forms a
stable configuration in this state, the most interesting burrow-
ing behavior can be observed upon the addition of thermal
activation. The burrowing process in this case is more

We carried out 14 simulations where we allowed the clusclosely examined in Sec. Il C.
ters to land in different orientations and followed their be-
havior on the surface for 500 ps. These simulations showed
that there are three different landed configurations for the
cluster. The cluster can land on one of(i190 sides, which A cluster which has landed on(a00 side on the copper
after some relaxation leads to a stable cluster on the substratebstrate may undergo a tilting process to reach a more re-
with matched lattices. The burrowing process in this case isctive (from the burrowing point of viewnonaligned con-
very slow, but the cluster configuration can transform into afiguration. Figure 1 shows this tilting process of a cluster
nonaligned one which starts burrowing. This is more closelywhich has been landed on the substrate in an epitaxial con-
examined in Sec. Il B. figuration.

The second configuration is when the cluster lands on one Figure Xa) shows the configuration after 4 ps from the
of its (111) sides. This configuration is not stable, and thelanding; at this stage in the simulation the landed cluster has
cluster will move around on the substrate at the simulatedelaxed and formed a epitaxial configuration with the sub-
temperature of 1000 K. This configuration is the most inertstarte. The cluster spontaneously starts to tilt at about 100 ps,

A. Landing

B. Epitaxially landed to nonaligned burrowing
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1400 [ T T J T T e same snapshots at intervals as short as 50—150 ps with the
— 8° atoms above original surface dislocation analysis method showed no signs of dislocations
1200F u atoms below original surface | .. . . L .
o activity. This fact was also confirmed by examinations with
2 1000 the grain analysis method which shows that the majority of
1= the atoms in the Co cluster remain within the same local
5 800 environment over ns time scales and no dislocations propa-
B 600 gate Fhro_ugh the cluster Igadmg to the rota_non. The same
E examinations showed no signs of atom slips in the substrate.
Z 400 Due to the fact that neither dislocations nor atom slip can
explain the downward movement of the cluster, we conclude
200 that the burrowing process is dependent on disordered move-
0 L A L L L L ment of atoms along the Co-Cu interface.
0 20 40 B0 80 100 120 Examining the movement of atoms in the system through-
Time [ns] out the simulation, we noticed that the cluster is rotating as it

) ) is being burrowed. To examine the rotation of the cluster we
FIG. 2. De_gree of burrowing foracluster. Threg different p_hasesused the grain analysis method to identify the lattice direc-
of the burrowing process can be observed in the figure: the first fasf, ¢ of the cluster. By comparing the lattice directions of the
pulling phase lasts about 2 ns from the beginning of the simulation,, e 4t 5 given time we could then analyze how the cluster
then the slower rotational phase takes over, which Iast; for about 7 as rotating compared to the initial configuration. Compari-
ns until the(221) plane of the cluster matches up with the sub- .
strateg(100) plane and the very slow vacancy migration burrowing son bet_ween the rot_at|onal speed dﬁglp_i Sh.OWS th_at the_
phase starts. cluster is actuglly trying to. reaph an epitaxial configuration
by rotation. This is shown in Fig. 4.
and at 300 ps a observable tilting angle has been reached asCloser analysis of the rotational movement of inter\&l
shown in Fig. 1b). As the simulation continues, the cluster in Fig. 4 in snapshots 50 ps apart showed that most of the
tilts further as shown in Figs.(&) at 350 ps and @) at 10  rotation occurs during a time of 0.5 ns. Analysis of the move-
ns. As the cluster starts tilting its shape gets distorted but ament of atoms in the cluster during this time showed that the
it relaxes to its new local configuration it regains its original cluster is moving at a roughly constant angular velocity in
shape. One can also see that the cluster starts burrowing asimost continous rotation. Analysis of the same snapshots
gains a nonaligned configuraton and that a considerableith the dislocation analysis method showed that no disloca-
amount of Cu adatoms has surfaced during the process. tions are present during this rotation.
During the rotational movement of the cluster, the cluster
C. Burrowing of nonaligned clusters will eventually find some matching planes with the substrate,

The fastest burrowing can be observed with a configura€Ven if the cluster is not completely aligned with the sub-
tion where a corner or an edge of the cluster forms the interStrate. This matching is due to local energy minimum con-
face area with the substrate. The burrowing advancemerifgurations of the Co-Cu interface. This can be seen in Fig. 2
originating from this nonaligned configuration is shown in 2 the last phase where no burrowing occurs on the simulated
Fig. 2. For these configurations the inclined planes of thdime scales. In the case depicted in this figure (B&1)
cluster surfaces would be within the cutoff radius of the po-direction of the cluster aligns with the00 direction of the

tential, which will be subject to strong attractive forces, lead-Substrate, forming a local energy minimum interface.
ing to a rapid but short burrowing phase. The simulations of clusters totally emerged in the bulk

This rapid pulling phase of the cluster will last for a showed that if the lattice directions of the cluster differ more

couple of nanoseconds and will stop when the inclined surthe 5° on all axes compared to the bulk, the cluster is not
faces of the cluster have sunk into the substrate. This “pull2ble to completely reorient its lattice directions to align up
ing” burrowing effect requires that the cluster be large With the bulk lattice in 5 ns runs.
enough to maintain its structural integrif}/If the cluster is
small(radius~1 nm), the forces are strong enough to create
a full contact epitaxy effect. In that case no nonaligned bur- If the cluster is not epitaxial after the landing, it will even-
rowing would be observed. tually reach an epitaxial configuration as it burrows due to
When the short rapid phase of the nonaligned burrowinghe rotation of the cluster. When this configuration is
is finished, a slower but longer-lasting process starts whereeached, we observed that the burrowing slows down tre-
the cluster slowly burrows by rotational movement. This pro-mendously and the mechanism leading to the burrowing in
cess can be seen in Fig. 3. Previous work shows that disldhe nonepitaxial phase no longer occurs. Examining atom
cation motion can play a large role in the movement of clus-movement in the system we came to the conclusion that the
ters on substrateéd.To identify the actual mechanism of the burrowing mechanism in this case is vacancy migration
burrowing, we examined the system with the methods dealong the Co-Cu interface. Vacancies are created on the Cu
scribed in Sec. Il. The movements of the atoms were indisurface which then move along the Co-Cu until it finally
vidually examined throughout the simulations at 1 ns intercrosses the interface into the Co and move up on the Co side
vals; this examination showed traces of what could bdeading to a downward movement of Co atoms. This process
interpreted as dislocations. However, an examination of thean be seen in Fig. 5.

D. Burrowing of epitaxial clusters
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(b)

FIG. 3. How a cluster which has landed on a corner starts to burrow into the substrate. The figures are cross sections of a chosen part of
the whole lattice to clarify the burrowing procesa) shows the configuration when the cluster has relaxed on the su(fachows how
the cluster has burrowed after 20 ns, dodshows the situation at 60 ns.

Depending on the level of burrowing different numbers ofsidered here, calculation of the atom-level virial shows that
vacancies movements can be seen in the system; when thas stress can be of the order ©f50 kbar. The relaxation
cluster is burrowed one-quarter approximately two movingvolume of vacancies in Cu is about3 A3 (Ref. 22, and
vacancies can be observed dgrim5 nssimulation. If half of  hence the formation volume 9 A3, Thus thePAV term in
the cluster is burrowed, the number of moving vacancies ishe defect formation enthalpy is0.28 eV, which is enough
approximately 3, and in the case of three-quarters of burrowto raise the vacancy concentration by more then 2 orders of
ing, the number of vacany movements is approximately 4magnitude in Cu at 600 Kthe experimentally used tempera-
Some of these vacancy migrations, but not all, can be seen tare) and to as high as 0.0001 at 1000 K. Considering that
enter the Co side at some point and thus contribute to théhousands of atoms are present in the interfacial region, the
downward movement of the Co atoms. relatively large number of vacancies we observe in our 5 ns

Offhand, it might seem unlikely that a high enough con-simulations is indeed quite reasonable.
centration of vacancies would be present to make the From this vacancy concentration we have made a rough
vacancy-mediated burrowing significant. However, one hasrder-of-magnitude estimate of the burrowing time. For in-
to keep in mind that there is a large tensile stress at thetance, for a nanocluster with 50 000 atoms, we estimate that
Co-Cu interface region. For clusters in the size regime conthere would be about 25000 atoms in the strained interface
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FIG. 5. Movement of atoms in a system consisting of an epitax-
ial 2 nm radius Co cluster three-quarters down in the substrate. The
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al bars represent the movement of one atom during a time interval of

2t At ' 0.25 ns. The figure shows the atom movements during 1.25 ns. To
oo om movemen ; ; ;

0% 20 40 80 30 100 120 during interval (B) avoid cluttering the whole figure, atom movements longer then 10

Time [ns] A have been filtered away. Several chajmsarked vacancy migra-
tion) which start on the surface and move along the Co-Cu interface
FIG. 4. The left-hand upper graph shows thg,; and the lower  can be seen. These represent vacancies created on the Cu side,

figure shows the rotational angle for the cluster during the simulawhich move along the surface, eventually passing through to the Co
tion. The rotational angle is calculated as the angle between theide. The net effect of this process is that Co atoms move down-
initial (001) direction of the cluster and curre(@01) direction ata  wards and thus the cluster burrows.
given time. The figures on the right side show the movement of
atoms during the intervals shown in the graphs. The bars in the
right-hand side figures represent the movement of one atom during E. Other interaction models

an interval of 1 ns. To avoid cluttering of the atom movement fig- In the simulati ith th h ial dey
ures, only atom movements between 1.5 A 8 are shown. Note n the simulations with the other potential mo we

that the atom movement i) gets longer outwards from the center 0PS€rved in 5 ns runs that 5 nm Co clusters burrowed into

of the cluster: this is consistent with a rotation and not with atheé Cu qualitatively quite similarly as the cluster described

dislocation. Atom movements under 1.5 A correspond to the therdbove. In the Cleri-Rosato modelwe did not observe any

mal movement of the atoms and movements longen & cor-  discernible difference in the burrowing rate or mechanism. In

respond to the surface migration of atoms. Inteivl corresponds ~ the model of Levanowt al™* a significantly larger number

to a time of 1 ns, and intervdB) corresponds to a time of 3 ns.  Of adatoms are created on the surface and the Cu also covers
the Co cluster higher up than in the two other models. But
also in this model the Co cluster burrowed in a similar man-

region. We further estimate that each Co atom would have 0" by disordered motion of atoms along the interface.

move on average 100 times before burrowing is complete. To
estimate the vacancy mobility we use the experimentally IV. DISCUSSION

known migration rate of vacancies in Clsince most va- The behavior of the Co clusters we observed in our simu-
cancies would be initially created in the Cu substrate. Weations agrees very well with the experimental results, al-
arrive at a burrowing time of the order of 10 s at 600 K. IN though our simulations have been done at 1000 K and the
the experiments carried out at the same temperature, the busxperiments were done at 600 K. This difference in tempera-
rowing was observed to be complete in minéwhich is  ture was adapted because the speed of the burrowing is
consistent with our rough estimate. Since experimental datstrongly dependent on the temperature of the system and the
on the time dependence of burrowing, or for temperaturesnolecular dynamics simulations have somewhat limited time
below 600 K, are not available, there is not enough experiscales. The experiments show that most clusters burrow but
mental data available to enable a more advanced comparissome do not> According to our results this can be under-
between the model and experiments.. stood to be clusters which have landed with different con-
The vacancy concentration can be expected to be furthdigurations. The clusters which burrow are the ones landing
enhancedin addition to the enhancement due to styaight  on a surface with the same normal as the substrate surface or
at the interface because vacancies tend to segregate at thie a corner or an edge. The ones that do not burrow are the
interface to minimize the number of hetero-atomic boffds. clusters landing on a surface with a differing normal com-
This could also decrease the burrowing time further from thepared to the substrate surface normal.
estimate given above. Because the analysis method given in We did not observe any alignment of clusters totally im-
Ref. 24 is not directly compatible with our strain effect mersed in the bulk in 5 ns runs, and indeed it is likely that
analysis, a deduction of the combined effect on the vacanclpecause of the larger interface area, clusters deep in the bulk
concentration is not straightforward and not attempted hererotate slower than those only partially burrowed. Hence we
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conclude that the clusters achieve the epitaxial configurationamics simulations. Our results show that the mechanism of
before they are fully submerged, through the rotation eithethe burrowing is strongly dependent on the configuration of
at the surface or during the burrowirigee Sec. Il ¢ the cluster lattice compared to the substrate lattice. In the
Burrowing of the epitaxial configuration could be simu- case of an epitaxial cluster on the substrate the mechanism is
lated by means of kinetic Monte Carlo simulations if the found to be vacancy migration along the Co-Cu interface. If
lattice strain would be incorporated. However, this methodhe cluster initially is lying on an edge or a corner, the bur-
could not be used for the nonaligned nanoclusters, becausewing mechanism is disordered motion of atoms along the
there are no available Monte Carlo methods for that kind ofCo-Cu interface. The burrowing in this case is considerably
disordered configuration. faster than for the epitaxial case. In the case where the cluster
If the cluster lands on &100) surface or when the cluster has landed on a cluster surface with a normal different from
reaches an epitaxial configuration while burrowing, thethe substrate surface normal, no burrowing was observed.
mechanism for the continued burrowing is not disordered As for the mechanism of the alignment of the burrowed
movement of atoms but vacancy motion over the Co-Cu in<cluster, we found that this is due to the rotational movement
terface. The difference in lattice constants will lead to anof the cluster during nonepitaxial burrowing.
interface strain. This strain contributes to the creations of
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