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Burrowing of nanopatrticles on clean metal substrates: Surface smoothing on a nanoscale
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We have investigated soft landings of Co nanoparticles on cle&#@0Qusurfaces. The nanoparticles,10
nm in size, were generated by dc magnetron sputtering in argon and transferred in the gas stream to an
ultrahigh vacuum transmission electron microsc6pEM), where they were deposited on the thin-film sub-
strate. The surface morphology created in this fashion exhibits a unique smoothing mechanism. The nanopar-
ticles do not remain on the surface at temperatures as low as 600 K, but rather reorient and burrow into the
substrate. By analyzing the TEM data in combination with molecular dynamics simulations, we were able to
study this process in detail and to develop a model to quantify the temperature and cluster size dependence of
burrowing.
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[. INTRODUCTION mination of the depth of the particles and helps to elucidate
their reorientation behavior. The details of the experimental
The smoothing of a rough surface was first addressedetup and computer simulation model are summarized in
more than 40 years ago. Herring made a critical connectio®€c. Il, while the experimental and computational results are
between surface morphology and surface chemicaPresented in Sec. lll. The discussion in Sec. IV is supported
potential’ which Mullins later used to derive analytical Py an appendix, which provides the derivation of burrowing
equations describing the smoothing behavior of rougtate as a function of cluster size.
surface€. Recently the shrinking scale of microelectronic de-
vices and. the emergence of na_motechno]ogy have_ _p_rovided Il. EXPERIMENT AND SIMULATION
renewed interest in the smoothing behavior of “artificially”
created surface roughness on a nanometer length scale.Co nanoparticles were generated by dc magnetron sput-
While Mullins’s description is in good agreement with ex- tering (300 W) of a cobalt target99.95% purity in a baked
periments on the smoothing behavior of surface features prasltrahigh vacuun{UHV) chamber(base pressure in the high
duced by photolithography on 3ithe scale of roughness in 10~ % Torr rangg backfilled with 1.0 Torr of ultraclean ar-
these experiments is in the range of several thousand nanomgen (<1 part per billion. This sputter chamber was attached
eters. Individual nanoparticles on single-crystalline subto a UHV-compatible TEM(modified JEOL 200CX, base
strates provide an ideal model system to study the smoothingressure in the low-1®-Torr range via a connecting tube.
behavior of roughness on a much finer length scale. In preAfter sputtering for 30 s in the static argon atmosphere, the
vious work the Mullins-Herring model of curvature-driven argon gas was pumped through the microscope and entrained
surface diffusioft appeared to explain the wetting behavior particles were deposited on the substrate. Further details of
of nanoparticles for times sufficiently long compared to thethe experimental setup, deposition procedure, and substrate
initial particle substrate contact, where extremely highpreparation have been published elsewHéfe.
stresses are developed in the interface between the particle This section focuses on the atomistic computer simula-
and the substrafe® tions that were performed to gain additional insight into the
The purpose of this paper is to address the question cfarly stages of the cluster-substrate interaction and to model
surface smoothing for the case where the surface energy diie strain field caused by a coherent cluster. MD methods
the particle is much larger than that of the substrate such thatere employed to simulate the landing of Co nanoclusters on
the particle does not wet the substrate. Recently we reporte@u substrates. Since experiments show that small Co clusters
on the phenomenon of “burrowing™ of Co nanoparticles in equilibrium have the fcc rather than the hcp structure ex-
into Cu and Ag substrates. Burrowing provides the pathwayected for bulk Cd? the cluster was given the fcc structure.
for a system of metal nanoparticles on a single-crystallineA 10-nm Co cluster was set up in the shape of a Wulff
substrate with lower surface energy to reach its quasiequilibpolyhedron with six(001) and eight(111) side facets. In the
rium configuration of many buried nanoparticles. This be-Wulff construction, which minimizes the surface energy of
havior is driven by capillary forces that force material to flow the cluster, the distance of each facet from the cluster center
along the cluster-substrate interface. This mechanism allowis proportional to its surface energy. In the case of Co these
the clusters to sink into the substrate. Here we report on thdistances are approximately eqtiaThe cluster was then
details of this novel surface smoothing mechanism, focusinglaced above a G001 surface and directed with low kinetic
on the system Co/QQ01). A detailed analysis of the trans- energy, 0.005 eV/atom, toward the surface. This corresponds
mission electron microscop€TEM) data, in particular, a roughly to the translational energy of the particles in the
guantitative analysis of the strain contrast, in combinatiorexperiment. The Cu substrate had more than five times the
with molecular dynamicéMD) simulations, enables a deter- number of atoms than the Co cluster. Periodic boundary con-
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ditions were applied in th& andy dimensions to mimic an i &
infinite crystal, and the three bottom Cu layers were fixed to
prevent unrealistic surface relaxation. Both the Co cluster
and Cu substrate were equilibrated fsfl0 ps at constant
temperature prior to the impact. The Berendsen temperatur:
control method with a time constant of 500 fs, was applied
to all atoms in the system to keep the temperature at a con
stant value of 600 K.

Conjugate-gradienCG) energy minimizatiof? with an
adaptive step siZ& was used to efficiently calculate the v
strain field surrounding a Co cluster. Since the TEM obser-
vations show that the Co clusters are coherently embedded in -~ | < ccted-area diffraction pattern of Co or(@) at (a
Cu (Se(.:' Iy, we placgd Sp_herlcal Co clusters at dIfferemsoo K and(b) 600 K. At 300 K the Co nanoparticles are randomly
depths in the Cl_J matrix, or in bulk Cu. Three atom Iayers atoriented with respect to the substrate. The first four Co fcc rings are
all cell boundaries, except that at the surface, were fixed tQ osent in the diffraction pattern. At 600 K most particles have
prevent a strain-field contribution from artificial surface re- 5ssymed the substrate orientation. Their reflections are obscured by
laxations. While this procedure introduces an undesirablgne cy matrix spots. A small fraction of fcc particles is oriented in
truncation of the strain fields, we found by employing cell the (111).4I(001)c,: (110)dl{110¢, orientation as discussed in
sizes up to the edge length of 43 nm that size effects did nahe text. Circles in the diffraction pattertb) mark the primary
appreciably alter the strain fields close to the cluster. Theeflections resulting from particles in this orientation. The additional
strains were determined by comparing the relaxed atom paspots in(a) and(b) halfway between the Cu reflections are a feature
sitions with positions in an undisturbed Cu matrix. of the Cu foil (Ref. 38.

The embedded-atom meth¢@8AM) interatomic potential

from Foiles’” was employed to describe the interactions iNophserved®?* more recent work has shown that metastable

. . . l
Cu, the EAM potential of Pasianots and Savinos for'€o, hcp particles are also produced by magnetron sputtering, de-
and our own hybrid potential for the Co-Cu interactidfs. pending on the exact sputtering conditidA252% hcp Co

The Cu and Co potentials are known to give a reaso”ablﬁarticles are WuIff polyhedrons wit001) and (011)
description of elastic properti#sand the Co-Cu potential facets'2 We also observed both fcc and hcp phases: Deposi-
gives a positive heat of mixing of about the right magnitudej,, of the particles under identical conditions on an amor-
for Co-Cu alloys'® so that these potentials should adequatelyphous carbon film gave rise to both fcc and hcp rings in the
describe the present system. The surface energies accordiggraction pattern.

to these potentials are 1300 m3/far a Cu001) surface and In the diffraction pattern of Fig. (), however, only fcc

1230 mJ/rf for an average of low-index Co faceéts. rings are visible and, moreover, th200) ring is fairly weak.
This indicates that most particles are inHL1) zone axis
. RESULTS configuration and, since th@11) direction is not orthogonal
to (200, they do not give rise to 8200 reflection (Weiss
Co clusters were deposited on a clean@) surface in  zone law. On the crystalline substrate the particles preferen-
the UHV TEM at room temperature. As pointed out in ourtially land on one of their facets. Assuming the majority of
previous papef.the particles were highly faceted and had athe particles consists of multiple twinned icosahedrons and
log-normal size distribution with a mean diameter of 13hcp Co particles, th€l11) texture in the diffraction pattern
+4 nm. In the selected-area diffraction pattern shown in Figcan be explained. Multiple twinned icosahedrons only have
1(a), four Debye-Scherrer rings are visible and coincide with(111) facets and therefore do not give rise t¢2200 reflec-
the first four Co fcc rings, proving that the particles are ran-tion. hcp Co particles give rise {400 and (101 rings with
domly oriented with respect to the substrate. The intensityheir (001) and(011) facets and these are sufficiently close to
variation among the rings, however, is unusual, with thethe fcc(111) and (220 rings to be unresolved in Fig.(d).
(200 ring being much weaker than tli220) ring. To explain ~ fcc Co particles have botlil1l) and (001) facets. If the
this texture, and for further discussion of the particle-surface energies of these two faces are equal, as assumed in
substrate orientation, it is important to briefly review the Sec. Il, both types of facets cover approximately the same
shapes of Co nanoparticles that have been observed in tiselid angle?’ 50% of the fcc Co particles thus contribute to
literature. the intensity in thg200) ring. Note that this fraction is very
The fcc phase is the stable phase for Co particles witlsensitive to the ratio of surface energies. In a Wulff cluster
diameter&® up to 110 nm owing to the surface energy of fcc where the surface energy of(a11) face amounts to 87% of
Co that is slightly smaller than that of hcp Co, which is thethe (001) surface energy, thé01) faces cover only 20% of
equilibrium phase in bulk C& For particles smaller than 10 the entire solid angle.
nm, the stable configuration is a multiply twinned icosahe- The particles were then deposited on a substrate held at
dron with 20(111) facets. Larger particles appear as a Wulff 600 K. In the diffraction pattern in Fig.(th) the Co Debye-
polyhedron surrounded by eight1l) and six(001) facets.  Scherrer rings have disappeared, and the vast majority of the
While in early work on nanoparticle formation by inert-gas Co particles has assumed tf@01) orientation of the Cu
condensation, only Co nanoparticles in the fcc phase wersubstrate. A small fraction of the particles has assumed a

-
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ticles by comparison with strain values obtained by computer
simulations of a Co particle in a Cu matrix at various depths.
Miller, Liu, and Gibson show that most features of strain
contrast can be simulated adequately using a simplified strain
model, called the abrupt displacement approximation
(ADA). The strain field is assumed to be parametrized in
cylindrical coordinates with the direction normal to the
substrate. The main assumptions of the ADA are that the
strain field extends only a small distance into the sample in
the z direction, compared with the electron extinction dis-
tance and that the radial component of the displacements
depends linearly on the radius. Beyond the edge of the par-
ticle the only requirement is that the strain field decays suf-
ficiently fast. The continuously varying displacement field
can then be replaced by a step function, assumed to be cy-
lindrically symmetric, at a fixed depth, a short distance
into the substrate. The size of the step increases linearly from
the center to the edge of the partiéfen the framework of
this model, which reportedly works well for Si-Ge quantum
dots®? qualitative features of the image contrast can be ob-
tained. The average radial straincan be determined by
43 86 129 172 215 nm simply taking an intensity profile across an individual par-
ticle parallel to the diffraction vectay. The average distance
FIG. 2. (13) dark-field micrograph of Co on Q@01 taken ¢ between the particle center and equivalent extrema on
under exact two beam conditions. The insert at the top left corneeither side of the particle is measured anid obtained from
shows the selected-area diffraction pattern. An intensity profilethe equation
along the white line through particle 1 is displayed at the bottom. In
this case, twice the distancg between the particle center and the -
third extremum is 14.6 nm. (2n—1) §:2W|g|8r><v )

different orientation and gives rise to faint extra spots in Fig. h is th der of th idered. M
1(b). These spots arise from fcc particles in a different ori-WNe€ren Is the order of the extremum considered. Measure-

entation. Their(111) planes are parallel to the @01 sur- m_ents mUSt be performed un_der (_axact tWO'beam condi_tions
face and their110 direction is aligned with the Qa10 with a hlgh-ord'er 'reflect|og. Since it was not possible to tilt
direction. Each particle only gives rise to six spots, but sincdN€ SPecimen inside the UHV TEM, our measurements were
there are two independetit10 orientations on the G001)  carried outex situin a Philips CM12 TEM. For the (13)
surface, a large number of clusters lying on equivalent oridark field image shown in Fig. 2 the sample had been tilted
entations gives rise to the 12 spots, which are marked in Fig0 a(310 zone axis. The intensity profile across one particle
1(b). All other spots visible are the result of double diffrac- is shown at the bottom of Fig. 2 for illustration. The accuracy
tion. A similar orientational relationship was observed for Agof this method is limited by how well the position of the
particles on C(001).°> While a hcp particle landing with a fringes in the particles can be determined. The strain values
(001) facet parallel to the Cu surface could cause an identicaPbtained are thus accurate 4610%. The average strain for
spot pattern, #011) facet would give rise to additional spots the labeled particles in Fig. 2 is 1.5%.
that are not present in Fig(t).?® This implies that the hcp By using conjugate-gradiettCG) simulations, we calcu-
particles have transformed into the equilibrium fcc structurdated the radial displacements for a 5-nm Co cluster embed-
at 600 K, and is in agreement with other Observatij(fns_ ded Coherently in Cu as a function of the cluster depth. The
Due to a 2% difference in lattice constant, the particles indisplacement field was then parametrized in cylindrical co-
the (001)4(001)c, orientation coherently strain the matrix. Ordinates as shown in Fig(& for a half-buried cluster. It
The resulting image contrast, shown in Fig. 2, is very similardemonstrates that the displacements decay rapidly with depth
to that reported by Ashby and Browtfor coherent Co pre- compared to the extinction distance of 75 nm for a )3
cipitates inside a Cu matrix. They simulated the image conreflection in CU*® In Fig. 3b) the three-dimensional plot of
trast by numerically integrating the two-beam Howie-Fig. 3@ has been projected into the displacement-radius
Whelan equations, which was possible since in the bulk casplane. The maximum displacements rise linearly as a func-
the strain field of a coherent inclusion has an analytical sotion of radius up to the edge of the particle and then decay
lution. For inclusions close to a surface, however, thisproportionally tor 27. The assumptions of the ADA are
method cannot be applied. Recently, Miller, Liu, andtherefore satisfied in this system. The radial strain, i.e., the
Gibsor?® developed a method to accurately measure the avaverage of the relative radial Co displacements, determined
erage strain in an individual particle close to a surface. Wdrom the simulation of a 5-nm cluster at various positions
employ this technique and then deduce the depth of the parelative to the surface, is plotted as a function of the cluster
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FIG. 3. Computer modeling of the Cu displacement field for a  F!G. 5. (8 Bright-field micrograph of Co deposited on ©01)
5-nm Co cluster half buried in the Cu matrix. (@) the radial  at 600 K. Upon annealing at 750 K the particles agglomerate. The
displacements in cylindrical coordinates are plottaderaged over bright field taken after the annealing treatméntshows exactly the
¢), and(b) shows a projection into the radius-displacement plane S@me area a&).
together with a fitted curve for the maximum displacement outside

the particle. The strain-depth curve of Fig. 4 shows a considerable

depth in Fig. 4. The curve asymptotically reaches a strain ofiéPendence on depth for the initial stages of burrowing. For
1.6%, which compares well with a value of 1.58% derivegclusters buried almost completely beneath the surface, the
from elasticity theory?* Furthermore, since the strain of a Strain reaches its minimum value. The measured strain val-
coherent inclusion in an infinite isotropic matrix depends, toU€S from Fig. 2, which are included in Fig. 4, fall predomi-
first order, only linearly on the misfit of the two materials, Nantly in the vicinity of this minimum. They are incompat-
and since the misfit is one fitting parameter of the EAMIbIE with particles on the surface and thus provide

potentials, the simulated strain values should be accurate fPnvincing evidence, merely from plan-view TEM, of bur-
within 5%. rowing for deposition at 600 K. These measurements are
further complemented by atomic force microscapd-M)

25 . | _ scans published previously.

) ., akulsted stran-depth cunve :exp' strain Upon annealing the sample that was deposited at 600 K at
—_ [ 424 750 K, the particles began to agglomerate, as shown, for
& 1.5 et tennnesnssssessssvecee| {} { { example, in Fig. 5, with the larger particles growing at the
c | . . . . .
s |1 7356 expense of _smgller particles. The _dlstnbutu_)n_ of the particles
B 1 | by number is trimodal at 750 K, with the original peak at 13

051 : nm and additional peaks at 22 and 417 nm. Only 25%

| of the initially deposited particles retain their average size of
0 5 s ’ pye i 13 nm. The particles do not change their orientation relative

to the substrate, but the contrast of those particles with an
average size of 41 nm indicates the presence of dislocations
and thus semicoherent interfaces. The lack of time-dependent
FIG. 4. Calculatedfor a 5-nm clusterdependence of the strain data precludes further quantification of this ripening behav-
on the depth of the cluster, expressed in fractions of its diametefOr, but the following scenario seems likely. First, Co in bur-
The measured strain values from Fig. 2 are also plotted in thided particles contingent with the surface diffuses across the
graph. Note that the strain is defined as the displacement of Céurface to other buried particles, allowing them to grow pref-
atoms relative to the undisturbed Cu lattice positions. erentially in the surface region. This eventually leads to

cluster depth
[in units of cluster diameter]
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The insert in Fig. ) shows a typical scan through an is-
land. Plotted are the Co height profile and the amount of Cu
in excess of the average film thickness. A Cu coating of the
particle is clearly visible. By repeating the EDX measure-
ments for different sample tilt angles we verified that chang-
ing x-ray intensities due to changing diffraction conditions
across the island did not affect the measurements. The sur-
face features in the corresponding AFM scans, shown in Fig.
6(b), are of similar height, which implies that the particles
are indeed located on the surface. We show in Sec. IV that
this configuration is energetically more favorable than the
bulk location owing to the increasing strain energy of an
inclusion with size. While the strain energy is negligible for
13-nm particles, a residual strain 6f0.5% is sufficient to
stabilize the larger particles on the surface. Upon further an-
nealing at 1150 K the particles eventually dissolved into the
Cu matrix, since bulk diffusion becomes appreciable and
there is~2% solubility of Co in Cu at this temperatute.

IV. DISCUSSION

The basic driving force for the sinking process, which we
also observed for Co nanoparticles on(8@1),” is the reduc-
tion in total free energy by exchanging the Co-vacuum inter-
face above the surface with a Co-substrate interface below
the surface without increasing the substrate surface area or,
significantly, the elastic strain. This process, as it was shown
previously’ is likely to occur in two steps: first, coating of
the particle with substrate material, and second, burrowing.
In both steps, the total free energy of the system is reduced.
The capillary forces associated with this reduction in surface
area drive the particle inwardNeglecting strain effects, the
time dependence of burrowing can be approximated by the
following equation:
kT,
t_an'yéDr , (2
where« is a geometric factor, which has a value~ei.1 in
, our model.V,, is the volume of one substrate atomis the
o 200 400 600 nm substrate surface enerdy, denotes the diffusion coefficient
FIG. 6. (a) Bright-field and(b) AFM characterizatior(different fg??gdtigz,C;ﬁﬁrhsal;bitsgﬁ;i;Ttrigzﬁiengf ‘g'g;ls'scrnebﬂ“fiund
ar_eass of a sampl_e arjnealed to 900 K. The top graph S“°W.S thefn the Appendix to this work. For Co clusters on(@91) Eq.
thickness of a typical island as determined from the Co EDX signal. . - . . :
The EDX counts far from the island were used as thickness calibra(-z) ylel.ds burrowmg times that agree well with the time
tion. Also shown is the amount of additional Cu around the particle.scales |n' the.experlmeﬁt. . .
g4 The situation for Co clusters on @101) is complicated

The EDX measurements have been performed on the spots mark% . ’ L
on the enlarged particle. The AFM height profile through two par-PY the coherent interface and the associated strain field. We

ticles along the white line is illustrated at the bottom of this figure. POINt out first that the energetics of the system are not much
Note that the size of the particles is similar to the one shown in thélffected by strain, at least for nanoparticles. The strain en-

EDX scan. ergy Esgg of a spherical cluster embedded coherently in the
bulk i
platelike particles on the surface, coated with Cu. Such situ- ) 2
: A ; 2unKi [AV
ations were observed as shown in Fig. 6. Here a sample with Esvm=o—7—|—| V, 3
3K +4um\ V

high coverage at 600 K had been annealed to 900 K. Most of
the particles have completely disappeared from the matrixvhere u,, is the shear modulus of the lattick; the bulk
while a few large islands have form¢Big. 6(@)]. The white  modulus of the inclusiom\V the volume change of the clus-
halo around the particles indicates some residual strain. Bier upon inclusion in the matrix, and the original volume
performing energy dispersive x-ray analydX) measure- of the cluster. Our simulations, described in Sec. Il, verify
ments along a line through a particle and using the bare Cthat Eq.(3) describes to good approximation the strain en-
film as calibration, the particle thickness could be estimatedergy of a partially embedded cluststin this case represents
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the volume of only that part of the cluster that is embedded
in the film, while the raticAV/V remains unchanged. For the
Co-Cu system, Eq(3) yields E¢,=8x 10" J/n? times the
cluster volume. The strain energy can therefore be reason-
ably neglected for Co particleslO nm in diameter in its
contribution to the total free energy of the system. With c CO
growing particle size, however, the strain energy eventually

becomes dominant due its volume dependence and can sta-
bilize larger clusters on the surface, as mentioned in Sec. lll.
Equation(2) again yields burrowing times in agreement with

. ©
the experiment. T T
' i i i Lectbceeetteg
To help elucidate the reorientation behavior of the clusters ‘62%2%“%%"%%‘%2 TS
that was observed in Sec. lll we used MD simulations of g&2&2&2&:@2@2&@%@&
faceted, 10-nm-diam Co particles landing on(@d) at 600 P T e e T g
R S P L e A o e
K. The Co clusters were set up in the equilibrium fcc phase, e eTee L geteccoeceette
in order to avoid having to simulate the hcp to fcc phase L T T
transition that was observed in hcp particles in Sec. Ill. For Cectoctortoerectucsct
i ; ; A T A T L e Ly
Co particles landing on €001) facet(with the facet normal P A o TS Lo
. e ° . Lo P00 ecCeoc®
being within about 10° of the substrate norindie align- geo%ggzzg%:g%zc
ment became perfect within some 50 ps. This shows that cLectecuets
. . . Cecvecve
perfect epitaxy can be achieved very quickly, at least when OLoE!

the cluster facet hits the surface close to matching surface
directions. On the other hand, Co particles landing with a {1l direcions in Cu = 1710=AF6HEREINCE
(110 surface nearly parallel to the @01 surface rocked substrate (001) plane  cluster (111) plane
back and forth on the surface several times during the first

200 ps following impact. Note that for a 10-nm cluster the
initial translational kinetic energy was about 200 eV, which
is larger than the energy associated with cluster-substrate
bonds across the interface. For smaller cluster sizes this con-
dition no longer holds, and then rocking was not observed.
Following this rocking motion, the_ clu_ster r_otated some 10 FIG. 7. Orientation of a 10-nm Co cluster with the Cu substrate.
over the next 100 ps, before_ settllr)g Ina f'x‘?d pos!tlon qur'The darker spheres are Co atoms and the lighter ones Cu atoms. The
ing the last 300 ps of the simulation. The final orientation

. . . Co cluster initially hits the surface with(@11) lattice plane almost
was (111}dI(001)c, with the (110 directions of each plane 5 qjie| to the(001) Cu surface, and subsequently rotates to find a
aligned(see Fig. 7, which was experimentally observed for reasonable lattice match. The simulation was carried out at 600 K,

a small number of particles in the diffraction pattern of Fig. pyt to plot the figure the cell was quenched down to 0 K to remove
1(b). thermal vibrations. The insert in the top right-hand corner shows the

Based on these results and the time scales involved, thgsitions of all atoms 600 ps after impact. The quadratic cluster side
following scenario for reorientation seems likely: fcc par- facets arg001) planes and the hexagonal facét4l) atom planes.
ticles, which land on the surface with(a11) or (001) facet, Note the atom step edge on the top and front lower $ide)
assume the metastable (123)X001)c,(110)cdl{110)c, facets: although the cluster was initially perfect, during the initial
orientation or the (001)4I(001)c,(100/(100¢, orienta-  impact(at about 40 pspart of the cluster slipped by of a nearest-
tion, respectively. This occurs on a time scale of nanosecreighbor distance in @12 crystal direction on &111) side plane,
onds at 600 K. They then burrow into the substrate as out-€-, along the slip system of fcc metals. The positions of atoms on
lined earlier, and all particles reorient in the (094]{001), one atom plane on both sides of the Co/Cu interface at 600 ps are
configuration during this time. In hcp particles the burrowing shown enlarged. TheL10) crystal directions on the G001 surface
and reorientation is accompanied by a transformation int@nd the Co bottong111)’ layer are illustrated. Sln_ce the clus_ter and
the fcc phase. The small fraction of particles remaining in the'”btStrate are not COhe(rjet”t (;"“d thetrr‘]cechal"?t_d'ﬁere':t ':(%'L‘I%"ecmr

. : : H systems, a prime Is usea to aenote the Co lattice vector
'Er}jigcgr!g?(()j%c%étl é?r(;g&_ll%u orientation may in fact be lattice vector in Co has aligned almost perfectly with 4.0
. . . . vector in the Cu substrate.

An important result of this work is the demonstration that
the strain field around the Co cluster in Cu can be measured
accurately by TEM. This has been used here in a novel wayneasured strain with particle size can be reproduced well in
to obtain the depth of the particles in plan-view TEM. Thethe calculations by assuming all particles are buried right
accuracy of the theoretical strain depth curve, which wasinderneath the surface. In addition, the average strain values
obtained with the help of MD simulations, has already beerare below the 1.6% expected for particles well inside the Cu
pointed out in Sec. Ill. It allows us to draw another conclu-matrix. This serves as additional evidence, next to the cross-
sion here. The strain values measured in Fig. 2 are plotted a®ctional TEM analysis published previouSlthat the par-
a function of particle size in Fig. 8. The slight decrease of theicles burrow until they are completely embedded in the film,

085419-6



BURROWING OF NANOPARTICLES ON CLEAN META ... PHYSICAL REVIEW B 64 085419

2 research was supported by the Department of EnéD§)E)
= }:g - 18 7713 %4 {[2 under Grant No. DEFG-96ER45439, and the Academy of
= 1421 ot e 15| Finland under Project No. 44215. Extensive use was made of
| the DOE-supported Center for Microanalysis of Materials at
% 0.8 the University of lllinois. Grants of computer time from the

8:3 ® simulation National Center for Supercomputing ApplicatidiidCSA) at

0.2 & experiment UIUC and the National Energy Research Supercomputer

0 0 2 4 & 8 10 12 14 16 (NERSQ are also acknowledged.

diameter [nm]

APPENDIX

FIG. 8. The strain measured in each labeled particle in Fig. 2, Thi timate of the time r ired for burrowing follow
according to the abrupt displacement approximation, is plotted S estimate ot the € required for burrowing Tollows

37
against the particle diameter. Also included are the calculated straiﬁIosely the procedure of_ChEt al: . We make the assump-
values, assuming the clusters are buried just below the surface. tion that the cluster remains spherical throughout the burrow-

ing process and that the Cu coating assumes the patrticle
but not further. This is in agreement with the detailed analyshape, i.e., plastic deformation and neck formation are ig-
sis of the time dependence of this process outlined in th@ored (they would not be the rate-determining steps in any
Appendix. The burrowing time diverges logarithmically once case. The calculations can be conveniently divided into
the cluster is buriedalmos) completely. three stepsti) First, the capillary force, which is the driving
force for this burrowing process, is derived from the change
V. CONCLUSIONS in surface area while the cluster is sinkin@,) This force
We have investigated the smoothing behavior of heterodrives the diffusion of material from underneath the spherical

geneous surfaces prepared with nonequilibrium roughness kg}uster along the cluster-substrate interface. Conservation of
depositing Co nanoparticles on ©01) surfaces. For this Mass leads to an expression for the flux along this interface.
system we found a new kinetic pathway for surface smoothThe flux can then be related to the chemical potential around
ing, which we term burrowing, that allows single particles tothe cluster and ultimately to a force balancing the capillary
reach their equilibrium configuration beneath the surfaceforce derived in stegi). (iii) In the last part we finally derive
Burrowing is driven by the extremely large capillary forces the burrowing time.

associated with nanopatrticles. Since it requires only diffusion

along the particle substrate interface and not bulk diffusion, Calculation of the capillary force on the particle

we observed it at temperatures as low as 600 K. This work The change in the total free enerfiyz) of the system as

suggests that burrowing should occur in all systems wherg ¢,nction of the cluster depth[measured from the bottom

the nanoparticles have a_significantly higher surface ENerg¥t the cluster relative to the surface; see FipisScalculated.
than the substrate. Particles with smaller surface energy,

Id simol h b h h e assume that the cluster is coated with substrate atoms
would simply wet the substrate. We have shown, Moreovelg, tace tensiony) and that the displaced material diffuses
that the time for particles to burrow varies &f§ which im-

lies that thi hi hanism is kineticallv forbidd away and forms an additional surface layer, i.e., that it can be
plies that this smoothing mechanism is kinetically forbi enneglected hereE(z)/y is made up out of three parts: the
in micron-and larger-sized systems.

surface of the sphere not buried yet, the original surface area
We have further demonstrated that on(@u) the Co P y g

X o ; - . of the substrate and the reduction in substrate surface area
particles assume epitaxial relationships with the substrate.

The strain associated with a coherent interface gives rise to  E(z)= y{27R(2R—2) + 7R2— n[R?~ (R—2)?] }.
additional features in this particular system. A new method, (A1)

the abrupt displacement approximation, made quantificatioq.aking the negative derivative &(z) the force on the clus-

of the strain in individual particles possible. The strain aIsot r is obtained:
affects the energetics of the system. Once larger particles‘? '

have formed on the surface, for example, by further anneal- F(2)=—2my(z—2R). (A2)
ing of the sample, they are stabilized against burrowing by ) o o
the strain energy. This force on the cluster drives the diffusion and results in its

MD simulations were employed to obtain the strain depthmovement with a velocity.
dependence of an embedded particle close to the surface,
thus enabling us to obtain depth information on the particles.  Calculation of the diffusion along the cluster substrate
Very good agreement with the values calculated from elas- interface
ticity theory was obtained for particles in bulk samples. Fi-
nally additional insight concerning the initial stages of clus-
ter reorientation was gained with the help of the simulation

Figure 9 shows the geometry considered in the flux cal-
culations. Spherical coordinates are used, and due to the
symmetry of the problem the flux along the interface of
width 6 has only a component parallel to the cluster surface
and depends only ofi[ j 4(#)]. The assumption made here is

We are grateful to N. Finnigan, T. Banks, P. Miller, and R.that the cluster radiu®k is much larger thand, in other
D. Twesten for their help in characterizing our samples. Thevords, there is no radial flux dependence. While the cluster
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The next step is to relafg to the chemical potentigt along
the interface via the diffusion equation

D 1

]Z_KV,LL, K:ﬁv_m (A?)

D is the diffusion coefficientk the Boltzmann constant, and
T the temperature. Equationi86) and (A7) result in

R?cos#+C, (A8)

0 v 1
rO=Y 350

where C is an integration constant. We neglect shearing
stresses, as they cannot affect the magnitude of the normal
stresses, and thbydrostati¢ pressuregp around the cluster is
estimated by

p(0)=p(O)Vn, (A9)

lz with p(7/2)=0, i.e.,C has to be chosen as 0. The total force
on the cluster at this depth can be calculated by integrating
the normal component gb(#)dQ up to 6y (dQ is a unit
lement of surface area on the sphere, R8sin9dddy):

FIG. 9. Geometry used in the derivation of the burrowing time.

is sinking, there is an incoming flux of substrate atoms into”

the interface areén Fig. 9 the interface area under consid- o 2
. . . 0 ™

eration extends up t,; an arbitrary parV, of it is shadegl F(z)= f p(#)cosh dq). (A10)

Note that we treat this problem in a coordinate system that is 0 Jo

fixed in the particle; therefore the grain boundary does not . .
move. If the cluster is sinking with a velocity, this flux j, The relation between the depthand 6, can be derived

in the z direction is given by straightforwardly and EqgA8)—(A10) yield

! F(z)= 7TkTRR3 R-2)3 Al1
whereV,, is the volume of one substrate atom. Furthermore o _ _ _
we assume that the diffusion along this interface is always in Derivation of the time required for burrowing
a steady state, i.e., there are no changes in concentration with Combining Eqs(A2) and (A11) and taking into account
time. The conservation of mass then yields thatv equalsdz/dt, one obtains
divjzocrj jdA=0. (A4) d_z_ 6V,,6Dy l 2R—z
Vs gt~ kT RR—(R-2% ze[O,R]. (Al2)

Evaluating this with the fluxes defined above results in . . .
This equation can be integrated to

6 (2
0=Aj0—f0 fo i€ eR*sinddode. (A5) 1 kT , 2R 2 78
_ U2=5V 50, R 2R 3R 2 3
The product betweemr, and e contributes co®. Area A (A13)
(compare Fig. 9 is part of a cone surface and equals
2R & sin @ when neglecting terms of the ordéf. By com-  Therefore the time it takes for the cluster to become buried

bining Egs.(A3) and(A5), j, is derived: up toz=0.99(R) is

o= Rsiné. A6 = 4
0=V 550 (A6) t(2) 1.1Vm5D7R. (A14)
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