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Metal nanoparticlescan display a uniquebehavior when depositedon substrateswith a significantly lower
surfaceenergy. Co nanoparticlesin the10 nm sizeregimeburrow into cleanCu(100)andAg(100)substrates
whendepositedat 600 K andalsoassumethe substrateorientation. Depositionat room temperaturefails to
show either burrowing or reorientation. Crucial in understandingtheseresultsare the capillary forcesand
surfacetensionassociatedwith a nanoparticle:they mustbehigh enoughto drive atomsaway from underneath
thecluster.

An abundanceof evidence now demonstratesthat the
growth of epitaxialthin films doesnot necessarilyfollow one
of the threeclassicalmodes(layer-by-layer, agglomeration,
two-dimensionalgrowth followed by islandgrowth). A spe-
cific exampleis the caseof a metalgrown on a singlecrys-
tallinesubstrateof muchlowersurfaceenergy thanitself. One
monolayerof Ni depositedon Ag(111) or Ag(100), in par-
ticular, becomescoveredby one or two layersof Ag upon
annealingto 770 K and620 K respectively. [1,2] . Theoret-
ical calculations[2–4], predict,moreover, that thesecapping
layersremainon top during furtherdeposition.Monte-Carlo
simulations[5] show that a Ni monolayeruponannealingto
620 K spreadsover 6 – 7 subsurfacelayers in the form of
clusterswith (111)and(100) facetswhich containabout100
atoms. Similar behavior wasobserved when20 monolayers
of Cowereepitaxiallygrown onCu(100)atroomtemperature
[6]. Uponannealingto 670K a cappinglayerof Cu formed
by diffusion of substrateCu atomsthrough“pinholes”, step
bandsand the like, onto free surfacesof the Co film [6,7].
In the earlystagesof this growth, STM studiesrevealedthat
Co forms triangulardouble-layerislandson Cu(111)with a
Cu overlayerat 300 K [8,9]. Theseislandsalsooccupy one
subsurfacelayer. Lastly, we note that when pure Co is de-
positedon Cu between700and900K, a Co-Cualloy grows
on thesurface,eventhoughthesemetalsarenearlyimmisci-
ble in equilibrium [10]. ThereCu flows from the bottomof
thefilm throughpinholesandmixeswith thearriving Co.

Thisletterreportsonobservationsof arelated,but new phe-
nomenon,concerningthe depositionof nanoparticleson sin-
gle crystallinefilms. We find that Co nanoparticleswith di-
ametersof � 10 nm do not remainon thesurfaceof Cu(100)
andAg(100) films whendepositedat 600 K, but ratherthey
burrow into thesesubstrates.This behavior is fundamentally
differentfrom the cappingbehavior in the work cited above,
sinceit is driven,aswe will show, by theexceptionallylarge
capillaryforcesratherthanthedifferencesin surfacefreeen-
ergies.ThefactthatCohasa largersurfaceenergy thaneither
Cu or Ag, predictsonly the formationof a thin layerof sub-
stratematerialaroundthe particles,but not burrowing. We
further observe that the Co nanoparticlesreorientto become
coherentwith the Cu matrix asthey sink, whereasthey only

becomesemi-coherentin thecaseof Ag. Thesefindingsim-
ply that burrowing is rathergeneraland that it is in fact a
mechanismof surfacesmoothingthathasnotbeenpreviously
considered.Burrowing alsohasobvious implicationsfor the
mobility of clusterson surfaces.

The Co nanoparticleswere generatedby DC magnetron
sputteringof a cobalt target (99.95% purity) in 1.0 Torr of
ultracleanargon ( � 1 ppb) and a baked ultra high vacuum
(UHV) chamber(basepressurein thehigh10� � � Torr range).
This sputterchamberis attachedto a UHV compatibletrans-
missionelectronmicroscope(TEM) (modifiedJEOL200CX
[11], basepressurein the low 10� 	 Torr range)via a con-
nectingtube. After sputteringfor 30 s in the staticargonat-
mosphere,theargongaswaspumpedout throughthemicro-
scopeandthe particlesweredepositedon the substrate.The
temperatureof thesubstratecouldberegulatedwith anaccu-
racy of 20 K. Detailsof the instrumenthave beendescribed
elsewhere[12]. The Cu andAg substrateswereproducedas
singlecrystallinefilms, 50 - 100nm thick, by e-beamevapo-
rationon (100)rocksaltin a UHV system.Subsequentlythey
weremountedonSi supportringsandtransferredinto themi-
croscope.Any possibleoxide on the films was reducedin-
situ: by heatingin vacuumto 800K in thecaseof Ag, andby
heatingin methanolvaporat600K in thecaseof Cu [13,14].
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FIG. 1. In-situ TEM bright field imagesof Co nanoparticleson
Cu(100)at 300K (a) andat 600K (b). The imagesshow represen-
tative areasof the samplesusedfor the AFM scansin Fig. 2. The
particlecoverageis identicalwithin 5%. The insertsshow enlarge-
mentsof typical clusters.
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Co clusterswerefirst depositedat room temperatureon a
clean
 Cu(100)surfacein the UHV TEM. Thefilms couldbe
imagedwithin aboutoneminuteof deposition.Theparticles
wererandomlydistributed,andtheirsizedistributionwaslog-
normalwith ameanparticlediameterof 13nmandavariance
of 4 nm. Bright field imagesshown in Fig. 1(a) together
with dark field imagesandselectedareadiffraction patterns
(not shown) indicatedthat the particleswere randomlyori-
entedwith respectto the substrate.In the diffractionpattern
thefirst four fcc ringswerevisible. The(220)ring wasmuch
strongerthanthe (200) ring, which indicatesa � 111� texture
of the particles. This agreeswith their highly facetedshape
seenin bright field (Fig. 1(a)),assumingthatthey arefaceted
along � 111� .
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FIG. 2. TappingmodeAFM scansfor Conanoparticlesdeposited
on Cu(100)(a) andAg(100)(b) at 300and600K. At roomtemper-
atureall particlesaresitting on thesurface,whereasthemajority of
themburrowedinto thesubstrateat 600K.

Particleswerethendepositedwith equalcoverageonasub-
strateheld at 600 K, which areshown in bright field in Fig.
1(b). Note that the particle size distribution remainedun-
changed.The vastmajority of the Co particlesbecameepi-
taxial with the Cu(100)film, assumingthe substrateorienta-
tion. Theparticlesweredislocationfree,andsincethelattice
constantof Co is 1.9% smallerthanCu, they strainedtheCu
matrix. Formationof coherent,dislocationfreeCo islandson
Cu, up to 37.5 nm in radius,werealso reportedfor the va-
por depositionof Co onto Cu (100) at 620 K [15]. Notably
theimagecontrastobservedin Fig. 1(b) resemblestheimage
contrastof coherentCo precipitatesembeddedin a Cu matrix
calculatedby Ashby and Brown [16], providing initial evi-
dencethatthenanoparticleswerebelow thetopsurfaceof the
film.

Ex-situ atomicforce microscopy (AFM) scanson the non
electrontransparentpart of the TEM specimens,performed
in tappingmode,revealeda pronounceddifferencein thesur-
facetopographiesfor the300and600K depositions,asseen
in Fig. 2(a). Whereasall particlesresideon the surfaceaf-
ter depositionat roomtemperature,the majority of themhas
sunkinto thesubstrateafterdepositionat 600K. Energy dis-

persive X-ray analysis(EDX) andelectronenergy lossspec-
trometry(EELS) measurementsconfirm that the topography
changewasdueto theCoparticlessinkingratherthanspread-
ing over thesurface.Fig. 2 alsoshowsthatasmallfractionof
theparticlesdepositedat600K did notsink. Weattributethis
observationto residualcontaminationon thefilm. Theheight
to heightcorrelationfunctionsof the two samplesshown in
Fig. 3(a), ��� � �� � ����� � � � �� � � ����� �� �  �� � ! " � (thebracketsdenote
anaverageoverall possible�� � andasphericalaverageover �� ),
havealmostidenticalshapes,but with theRMSroughnessbe-
ing reducedby afactorof 2 for depositionat600K. Thereare
no correlationsin interparticledistances,againshowing that
they arerandomlylocatedon the surface. It shouldalsobe
notedthat the characteristiclengthscalederived from these
graphsdoesnot correspondto the actualparticlesizebut to
thesizeof theAFM tip. Coveragein theAFM imagesappears
muchhigherthanin theTEM micrographsfor this reason.
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FIG. 3. Height to height correlationfunctionscalculatedfrom
AFM imagesof Co on Cu (a) andAg (b). Thecharacteristiclength
scalein both imagesis around40 nm anddeterminedby the AFM
tip. Beyond that thereis no sign of any correlationbetweenparti-
cles.All curvesriseroughlywith the # $ % & dependenceexpectedfor a
sphericalAFM tip. Thevaluesof theRMS roughness' aredirectly
comparablewithin (a)and(b) sincethe300K and600K samplesof
eachsubstratematerialhadanidenticalcoverage( ( 5 %).

Despitethe latticemismatchof 13 % betweenCo andAg,
this systembehaved very much like Co-Cu. The particles
wererandomlyorientedon theAg(100)film afterdeposition
at room temperature,while after depositionat 600 K they
againassumedthe (100) orientationof the substrate.Also,
the ex-situ AFM measurementson the two samplesin Fig.
2(b) show that themajority of theCo clustersankafterdepo-
sition at 600K, but not afterdepositionat 300K. Theheight
to heightcorrelationfunctions(Fig. 3(b))alsoshow areduced
roughnessat 600K, andno correlationbetweenparticles.To
further confirm theseresults,a Ag film with Co clustersde-
positedat 600K waspreparedin a cross-sectionalgeometry
andanalyzedby EDX. Carehadbeentaken to align the sur-
faceof theAg film parallelto theelectronbeam.Themapof
the Co EDX signal,illustratedin the top right cornerof Fig.
4, shows 5 Co clustersin the field of view. Linescansof the
Co andAg signalthroughtheparticlesalongthefilm normal,
includedat the bottomof Fig. 4, show moreclearly that the
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particlesarelocatedjustbelow thetop surfaceof thefilm, not
merely) cappedby substrateatoms.
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FIG. 4. Cross-sectionalTEM micrographof Co on Ag(100) at
600K combinedwith EDX data. The insertin the top right corner
shows thespatialdistribution of theCo EDX signalacrossthefilm.
Also shown arealine profileof theCointensityparallelto thesurface
(overlayedtheTEM image)andof theAg andCointensitiesthrough
particlesi – iv alongthefilm normal.They confirmthattheparticles
arelocatedjustbelow thesurface;scanii is slightly off center, which
explainstheapparentgreaterdepthof particleii.

The basic driving force for this sinking processis, of
course,the reductionin total free energy by exchangingthe
Co-vacuuminterfaceabove the surfacewith a Co-substrate
interfacebelow the surfacewithout increasingthe substrate
surfacearea.This processis likely to occurin two steps;first
by thecoatingof theparticlewith substratematerial,assug-
gestedby Ref. [1–10], followedby burrowing. We illustrate
thesavingsin freeenergy by thesetwo processesfor thecase
of CoparticlesonAg. By coatingtheCoparticlewith Ag, the
reductionin energy perunit area,243 , is:

2�36573 8:9<;7= 3 >�?<@�3 >�? AB8:9C@D3 E F G HJI (1)

The surfaceenergy 3 >�? of Ag(100) is 1.2 K L MON [17] while
for Co we choosethelowestenergy surface(0001)for which
3 8B9 is 2.8 K L MON [17]. The energy associatedwith the semi-
coherentCo-Ag interface is approximatedby the average
of the high-anglegrain boundaryenergies of Co and Ag,
3 >�? AB8:9 , 0.6 K L MON [18], plus an additionalterm accounting
for the immiscibility at the interface. We estimatethis term,
3 E F G H , using the zero-layermodeldueto Becker [19], such
that 3 E F G HP5PQ R S<T4U , whereR is a geometricfactor( V�W L X ),
S is theheatof mixing parameter, 0.2 Y Z�L [ \ ] M [20], and T�U
is the areadensityof atomson the interface, W4^_W ` a b<M A N .
With this setof values,243 equatesto 0.8 K L MON .

By particle burrowing an additional amount 3 >�? (rather
thanmerely 243 ) is gainedin free energy per unit area. For

particleswith nanodimensions,thecapillaryforcesassociated
with this reductionin surfaceareaareon theorderof thethe-
oreticalstrengthof the material[21]. We have estimatedthe
rateat which nanoparticlesenterinto thesubstrateby assum-
ing that Ag atomsdiffuse from underthe Co cluster to the
surfacealongtheAg / Co interfaceof width c . With therea-
sonableassumptionthat theCo clusterremainsnearlyspher-
ical, it is straightforwardto show usingtheprocedureof Chu
et al. [22] for the sinteringof two spheresthat the time d re-
quiredfor theclusterto burrow to adepthequalto 99% of its
diameteris:

d�5fe
g h

i HJ3 >�? c j�k
l

(2)

e is a geometricfactor, which hasa valueof 0.8 in this case.i H is the volumeof onesubstrateatomand j the diffusion
coefficientalongtheAg / Co interface.

h
is thesubstratetem-

peratureand
g

theBoltzmannconstant.Thesamedependen-
cieson k , j , and 3 >�? in Eq. (2) aretypical for processesthat
aredominatedby surfaceor interfacediffusion but with dif-
ferentboundaryconditionshaving differentnumericalfactors
e . The time for two spheresof radiusr to sinter and form
onesphereby surfacediffusion is givenby Eq. (2) but with
e75�` m n [23], while Coblecreep[24] is describedby Eq. (2)
with eD5f` m Q [25].

With the approximationthat the diffusioncoefficient j in
Eq. (2) alongtheclustersubstrateinterfaceis equalto thege-
ometricaverageof grainboundaryself-diffusionat 600K in
polycrystallineAg, c jo5pQ m qO^�W ` A N NCMOr s A a [26], andCo,
c jt5pu m nv^�W ` A N wCMOr s A a [27], Eq. (2) yieldsa time of less
than 0.1 s for a clusterof 13 nm to sink into the substrate.
At roomtemperature,on theotherhand,the time requiredis
of the order of months. Theseratesfit nicely with our ob-
servationsthatno burrowing is observedat roomtemperature
evenafter W ` l s, while it occursin lessthan100s at 600K.
The k

l
-dependencein Eq. (2) explains,moreover, why this

phenomenonhasnot beenobservedfor largerparticles.Note
thatincreasingtheparticlesizefrom 10nmto 1 x m slows the
sinking time by a factorof W ` y , whereasincreasingthe tem-
peraturefrom 600 K to even the melting point only gainsa
factorof W ` l .

Thesituationissomewhatmorecomplicatedfor Coclusters
on Cu(100)sincetheparticlebecomescoherentwith thesub-
strate.Thestrainenergy, however, is not significantfor these
smallparticlesizes.Thestrainenergyof asphericalCocluster
embeddedcoherentlyin aCumatrix is only z{^�W ` A l Y Z�L ˚

| A r
timestheclustervolume[28]. Foraclustercloseto thesurface
we confirmedby computersimulationsthat thestrainenergy
is, in goodapproximation,proportionalto theclustervolume
alreadyembeddedin thefilm. Thusthestrainenergy only be-
comessignificantfor particlesmuchlargerthanthosein these
experiments.The surfaceenergiesinvolved (3 8:} ~ a � � � = 2.2
K L M N [17] , 3 8:} AB8:9 ~ E 9 F G � G � � � = 0.02 K L M N [18], 3 E F G H = 0.1
K L MON [20]) againpredict that the Co clusterwill acquirean
initial Cu coating. The burrowing time accordingto Eq. (2)
and c j approximatedby thegeometricaverageof CoandCu
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grainboundarydiffusivity ( � � (Cu) = � � �v�7� � �B� �J�v� � �:� at
600 K [27]), is lessthan1 s. Sincethe Co particlereorients
to becomecoherentwith the Cu matrix, however, the diffu-
sion alongthe Cu / Co interfacemay in fact be slower. The
reorientationprocessitself wasalsorapidandwascompleted
alreadyby thetime theparticlescouldbeimaged.

Finally we argueagainstanalternative pathway thatcould
leadto buriedclusters.Theclustersin principlecanbecome
buriedona local scaleby surfacediffusionof substrateatoms
onto the side of the clusters. This surfacestructurewould
have thicknessvariationsof the orderof the averageparticle
sizeunlessthey werefurthersmoothenedby theprocesssug-
gestedin Ref. [10], whereatomsfrom thebottompartof the
film diffusethroughholesin thefilm to fill thespacebetween
particles.In analogyto Eq. (2) we estimatethat this process
would be a factor of � � � to � � � times slower than the bur-
rowing onthebasisof thelengthscalesinvolved,whichwould
betheinterparticledistancefor thedriving forceandthehole
distancefor the amountof materialthat hasto be supplied.
This slower rate is not offset by the fastersurfacediffusion.
This mechanism,moreover, hasother difficulties to explain
our specificresults:(i) particlesstill remainingon thesurface
asseenin Fig. (2) couldnot beexplainedand(ii) Ref. [6,10]
do not observe diffusion throughpinholesat temperaturesas
low as600K. Thereforeweexcludethis processhere.

In conclusion,we have presentedexperimentalevidence
that Co nanoparticlesin the 10 nm size regime sink below
thesurfacewhendepositedon Ag(100)andCu(100)surfaces
at600K, andthatthisprocessis likely dueto burrowing. Bur-
rowing is drivenby theextremelylargecapillaryforcesonthe
particles.This work suggeststhatburrowing shouldoccurin
all systemswherethenanoparticleshaveasignificantlyhigher
surfaceenergy thanthesubstrate.If theparticlehada smaller
surfaceenergy, it wouldsimplywet thesubstrate.Immiscibil-
ity is notanessentialfeature.

We aregrateful to N. Finnigan,T. Banks,S. Mayr andR.
Twestenfor their help in characterizingour samples. The
researchwas supportedby the Departmentof Energy un-
der grant DEFG-96ER45439. Extensive use was madeof
the DOE supportedCenterfor Microanalysisof Materialsat
UIUC. A grant of computertime from the National Center
for SupercomputingApplications(NCSA)atUIUC is alsoac-
knowledged.

[1] A. RollandandB. Aufray, Surf.Sci.162, 530(1985).
[2] B. Aufray et al., Surf.Sci.307 - 309, 531(1994).
[3] J.M. Rousselet al., Surf.Sci.352 - 354, 562(1996).
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