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Atomistic structure of oxide nanoparticles supported on an oxide substrate
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The atomistic structures of SrO (¥85% 2.2 nm), CaO (1% 14X 2 nm), and MgO (1X 12X 2 nm) nano-
particles, supported on B&a@1) and synthesized using a simulated amorphization and recrystallization strat-
egy, are presented. The SrO and CaO exhibit cubic “slab” morphologies in contrast to the MgO nanoparticle,
which comprises various misaligned interconnecting crystallites. The lattice misfit was found to have a pro-
found influence on the structure of the nanoparticles. The SrO nanopdrtigRs misfit) was found to lie
coherent with respect to the substrate across the entire area covered by the SrO. Conversely, only small regions
of the CaO were found to be coherent with the BaO substratc% misfi), with screw-edge dislocations
located at regions where the ions became misaligned. The MgO nanopé&rtigl®o misfi) exhibited no
regions of coherence with respect to the underlying BaO substrate. Defactsicies and substitutionaknd
defect clusters including voids were also identified for each system and act to help reduce locally the lattice
misfit thereby enhancing the stability. Specifically, the results indicate that as the lattice misfit associated with
the system increases, so the interfacial layer of the substrate becomes more defective. Arguments, based on the
results of the study, are presented, which suggest that the area of the nanopatrticle in contact with the substrate
is linked with the critical thickness to dislocation evolution for a particular system. That the limitations of
periodic boundary conditions can be eliminated when simulating nanoparticles compared with thin films,
which cover completely the substrate material, is discussed.
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[. INTRODUCTION atom comprising the nanoparticle can be treated explicitly
without imposing periodic boundary conditions or resorting
The influence of supporting a material on a lattice-to continuum methods. Accordingly, in this study, we employ
mismatched substrate can have a profound influence on trgomistic simulation techniques that we developed previ-
chemical, physical, and mechanical properties of thedusly to investigate thin films, to explore the influence of
material’ =3 as the material responds structurally to the latticeSupporting nanoparticles on a substrate material. The aim of
misfit associated with the system and the interfacial interacthis present study is to generate models of supported oxide
tions when supported. These include changes in morphold@noparticles, which will provide information pertaining to

gies and hence the particular surfaces expdsetie evolu- Nanoparticle morphologies and exposed surfaces, epitaxial
tion of structural features, such as grain-bounddiiés, relationships, defects, dislocations and grain boundaries, and

dislocation arra_yg, defectéovll (SubstitutionaB, VacancieS, the influence of the substrate material and associated lattice
interstitials including defect clustering and epitaxial misfit on such structural modifications. At present, it is ex-
configurations. In addition, the method and conditions of tremely difficult if not intractable to elucidate such informa-
fabrication play a central role in controlling the structure andtion experimentally. Accordingly, simulation is well posi-
hence properties of the supported material. Such phenomefi@ned as a complementary technique. Conversely,
have been exploited widely to improve the effectiveness ofXperimental data on supported oxide nanoparticles, which
particular devices and have spawned new applications, spamcludes atomistic detail to compare with our simulations are
ning, for example, electronics, optical, catalysis, sensors, aneParse.
recording media. In a previous study, we investigated the structural features
The physical and chemical properties of a material car@Ssociated with supporting a small (22525x 20 A) MgO
also be changed dramatically when the size of the particles igarticle on a BaO oxide substrdfeHere, we extend this
reduced to the nanometer scife’® Clearly, to understand Study by considering three oxides SrO, CaO, and MgO sup-
and exploit the remarkable properties of such nanoparticleBorted on Ba@01) as models to help ascertain the influence
requires a detailed knowledge of their microstructure andhe lattice misfit may have on the structure of oxide nanopar-
while this is currently an area of intense and growingticles supported on an oxide support, which hakigher
interest®=2% it is difficult to elucidate the structure of sup- lattice parameter. Specifically, the three systems are associ-
ported nanoparticles at the atomic level experimentally. ated with lattice misfits of=7, —15, and—31% for SrO,
Conversely, where simulation has proved difficult previouslyCaO, and MgO, respectively. The percent misfits given
owing to the complexity in spanning various length scalesPy
(atomic to macroscalet is arguably ideally suited to explore
systems, which exist at the nanometer scale. Indeed, such 100><<a”L_aSUb
systems can be treated with considerable fyas each

, @

sub

0163-1829/2002/624)/24541415)/$20.00 65 245414-1 ©2002 The American Physical Society



SAYLE, DOIG, MAICANEANU, AND WATSON PHYSICAL REVIEW B 65 245414

wherea,,no @and agp are the lattice parameters of the nano-on the Born model of the ionic solid in which the ions inter-
particle and substrate, respectively. act via long-range Coulombic interactions, calculated using
_ Inzgon'grast to previous simulations on fully covered thinthe Ewald summatio and short-range parametrized inter-
films™ using an analogous methodology, the simulations orxctions. In this study we have employed the potential param-
nanoparticles, presented here, do not suffer from limitationgters of Lewis and Catlot with the additional approxima-
associated with employing periodic boundary conditions. Fotion of the rigid ion model, imposed to reduce the
example, with completely covered thin films, the structuralcomputational expense. The potential parameters have been
connection of the periodic repeats must be seamless to maigy;ensively employed previously to model structures, which
tain continuity with neighboring images, which will neces- a6 nonoptimal  geometries, with good correlation to
sarily introduce artificial features within the simulation. experiment These include interfacial structuréssurface

To ensure continuity has proved difficult to overcé® 4 interfacial defeci®3® dislocation?” and grain
especially where the simulation cell is constructed *by 5 ndarie2 We suggest therefore that the potential param-

hand” as one needs to determine how the ions comprisingers are well suited to explore supported metal-oxide thin
the thin film are arranged with respect to the underlying subgiims. which may include many structural defects.
strate to ensure that the system is lattice matched. In addi-

tion, one needs also to include all the structural features as-

sociated_ with a Iatti_ce-mismatched system _including grain B. Simulation codes
boundaries, dislocation arrays, defe¢t®mprising vacan- hi | h g8 ;
cies, interstitials, and substitutionplslefect clustering, and I this study, we employ theL_poLy code™ to perform
epitaxial relationships, all of which must be integrated tothe dynamical simulations. Since this code utilizes three-

ensure seamless continuity of the thin film with respect to thglimensional per_iodi_c boundary pondition;, the surface of the
periodic boundary conditionéBC’S). BaO substrate is simulated using a periodic array of slabs

One enabling development, a simulated amorphizatioN"ith a void introduced perpendicular to the interfacial plane
and recrystallization methodology, has facilitated the struct© represent the vacuum above the surface of the thin film.
tural evolution of thin films(and include grain boundaries, | Ne Size of the void is, of course, suitably large to ensure that
dislocations, and defegtsn response solely to the lattice the interactions be_tween slabs are negligible. The SrO, CaO,
misfit and interfacial interactions. This methodology hasC’ MgO nanoparticles are then placed on top of the BaO

been applied successfully to generate models for CaO, srubstrate with a minimum distance between neighboring
and BaO thin films supported on an M1 substraté? nanoparticles of 80 A to eliminaf@rtificial) interactions be-
MgO/Ba0001),®® MgO, and BaO supported on tween the nanoparticle and its periodic images.
SITIOs(001) (Ref. 27 and CeQ/Zr0,(111) %% In addi- ~ We employ a standard two-region approatiRegion |
tion, the methodology ensures that the continuity betweeffont@ins theMO (M=Sr, Ca, or Mg nanoparticle and one
periodic images is resolved implicitly during the structural "éP€at unit of the underlying BaO support and ions within
evolution of the thin filnt® However, such simulations still th'_s region are aII_owed o move within the dynam_lcal simu-
remain subject to limitations arising from imposing PBC’s [ation. while ions in region lithree BaO repeat units thick
upon the system. For example, the sum of the Burgers ve@'® held fixed to reproduce the potential of the bulk lattice on
tors (resolved parallel with the interfacial plantor all the ~ "€9ion I.

dislocations within the simulation cell must equate to an in- . 1€ reason for usingoL_poLy [codes using two-
teger number of unit cells. This limitation can be offset par-dimensional2D) periodicity are availabf8], is that it offers

tially by increasing the size of the simulation cell and @ considerable Speed_advarltage fo_r our parti_cular application.
thereby enabling a higher number of dislocations to evolvd Ve have found previousty” that simulating interfaces us-
within the simulation cef* and preventing the simulation ing an amorphization and recrystallization methodology with

from evolving dislocations somewhat artificially. Conversely, €ither 2D or 3D periodic boundary conditions gave rise to

in simulating nanoparticles, there are no interactions betweeRduivalent results.In particular, for simulating supported
noparticles, the interfacial area must be large to ensure that

neighboring nanoparticles and issues pertaining to ensurin > ; e o
e nanopatrticle does not interact with its images within the

continuity and the associated limitations, relating to the quaII e o :
ity of the resulting models, do not arise. periodic boundary conditions. Moreover, the structural modi-

fications, such as dislocation networks and grain boundaries
Il. METHODOLOGY that evolve as the overlying material responds to the misfit
strain, are large and the size of the simulation cell must be
In this section we describe the force field, which we havechosen to suitably accommodate such features. Accordingly,
used to describe the interactions within the materials ConSiq‘he vector introduced perpendicu|ar to the surface to generate
ered, the simulation codes and how they can be used to pefhe vacuum above the thin film, while being sufficiently large
form surface calculations, and, finally, the basic mechanisni prohibit any artificial interactions between the system and
underlying the operation of the simulated amorphization angs periodic images, is also our smallest vector, which facili-
recrystallization procedure. tates a very efficient 3D simulation. Many simulations of
surfaces performed using 3D codes are inefficient owing to
the large sampling of reciprocal lattice vectors perpendicular
The reliability of any atomistic simulation rests ultimately to the surface in the Ewald sum compared with the other two
with the potential paramete?$.Our calculations are based directions. In addition, by performing the dynamical simula-

A. Potential models
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tions on a parallel computdtypically such calculations re- particle does not melt as this is likely to result in the com-
quire 14 days using 16 processors of an Origin 200@&  plete spreading of the nanoparticle over the surface of the
benefit also from the efficiency of theL_PoLy code when underlying support. Accordingly, the dynamical simulation is
run in parallel. performed at a sufficiently high temperature to maximize
All simulations were performed within thé&dVE en-  ionic mobility without resulting in melting and was moni-
semble: constant number of particles, constant volume, antbred using mean square displacements.
constant energy with instantaneous velocity scaling to the In previous studies, we have found that the degree of
simulation temperature used throughout. This is to preventompression/tension imposed upon the overlying oxide to
the rapid and large build up of excess kinetic energy as thenduce amorphization can prove critical to the successful re-
nanoparticle evolves from the highly strained initial configu- crystallization of the materidf, For example, if the compres-
ration, via an amorphous transition to a crystalline phaseion is too low the oxide fails to amorphize and no structural
with reduced strain. features evolve. Essentially, the ions comprising the thin film
are not sufficiently mobile to move into low-energy configu-
rations owing to the high-energy barriers for ionic migration;
C. Amorphization and recrystallization rather they vibrate about their respective lattice positions. At

The very short time scales accessible to atomistic dynami2igher yet still insufficient compression, the oxide may in-
cal simulationgtypically a nanoseconds a major limitation ~ d€€d undergo an amorphous transiti@s monitored using
with the technique. Consequently, for highly crystalline ma-" density functions, radial distribution functions, and

terials, such as MgO, where ionic migration is slow, dynami-SITPI€ inspection of the ion positionalthough during pro-

cal simulation is not appropriate to explore the energy barrilonged dynamical simulation, the oxide fails to recrystallize

ers for migration since no migration would be observed®’ alternatively recrystallizes in part with crystalline regions
within the time scales accessible. Conversely, central to the€Parated by amorphous material. Conversely, at very high
methodology employed in this present study, is that for arfoMPressions or tensions the resulting ion velocities are so
amorphous material the ions will have a much higher mobilNigh that t_he material falls apart and the simulation fails
ity and can therefore migrate more quicKlyithin the time ~ catastrophically. Consequently, although the procedure may
scales availablecompared with the analogous crystalline succeed in realising an amorphous transition, only certain

solid. This simulation technique therefore involves forcing VlUes for the compression are effective in generating a crys-

the overlying material to undergo, under dynamical simula-ta"i”e final structure. We have found that for rocksalt struc-

tion, a controlled amorphization. This allows the ions totured ox?des the tolerances are quite br.oad. Conversely, for
evolve and assemble into an appropridev-energy con- the fl_u0r|te st_ructured Celhe toleranc_e is narrof). _
figuration, which would not be possible by applying dynami- _ It is tempting to suggest tha_lt the simulated recrystalliza-
cal simulation to crystalline materials. The prolonged appli-ion models real recrystallization processes. However, the
cation of dynamical simulaton to this amorphized amorphous starting configurations are of high energy and do
nanoparticle results in its recrystallization together with then©t therefore reflect real systems. Moreover, temperature
evolution of structural features relating to the accommodaSc@ling must be performed during the simulation to prevent
tion of the associated lattice misfit such as grain boundariedn€ rapid buildup of large amounts of excess kinetic energy
dislocations, defects, and reduced interfacial ion densitiedS the system evolves from the highly strained initial con-
The amorphization and recrystallization strategy provided!duration, via an amorphous transition, to a crystalline phase
therefore a mechanism for overcoming, in part, the consigWith _defects and reduced strain. .In e}ddltlon, the time scales
erable (time) limitation associated with dynamical simula- reql_Jlred to effect the recrystallization are much_ sr_naller
tion. The final nanoparticle structure is governed solely byltypically one nanosecopdompared to real crystallization.
the interfacial interaction and lattice misfit associated with! "€ Simulation is therefore a technique to derive a range of
the system rather than tHertificial) starting configuration. ~ 0W-energy configurations, which comprise various structural
The basic approach is to control the transformation to afeatures observed in real systems and the evolution or dy-
amorphous state by use of an initial strain on the nanopannam'cal recrystallization bears little physical significance.
ticle structure, an appropriate temperature, and velocity scal-
ing. The subsequent application of high-temperature dynami-
cal simulation to the system then results in its amorphization.
Essentially, the initial strain is sufficient to effect the amor-  To generate models for MgO, CaO, and SrO nanoparticles
phous transition and the system is then allowed to evolvesupported on Ba@01), a simulated amorphization and re-
without further constraint. Further details of the techniquecrystallization methodology, developed previouélywas
can be found elsewhefé Here we induce amorphization by employed. Specifically, a 25088 atom MgO slab, exposing
initially expanding the structure of the nanopartilension {100 planes at each of the six surfaces;&®b atoms in area
induced amorphizationwhich is perhaps more appropriate and 8 atoms high was placed on top of a BARW@) support
than amorphization induction via compression since thdFig. 1). The surface of the Ba@01), comprising the simu-
former will result in a contraction of the supported nanopar-lation cell and repeated periodically, was 884 atoms
ticle as it amorphizes. Consequently, the minimum distancé231.6 A in the[010] and [100] directions resulting in a
between the nanoparticle and its periodic images is morsurface area of approximately 54 008. Ahe MgO slab was
easily controlled. In addition, one must ensure that the nanahen expanded by 31% and dynamical simulation, performed

D. Generation of nanoparticles
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It is apparent that théamorphous MgO/BaO will have a
higher energy compared with the CaO/BaO and especially
the SrO/BaO system. However, the simulation strategy is to
generate simply an amorphous structure to facilitate high
mobility of the ions such that they can then move to evolve
a low-energy configuration. The recrystallization step, which
leads to the final low-energy configuration is therefore more
important compared with the initial amorphous structure. Es-
sentially, the primary factor in controlling the recrystalliza-
tion is the lattice misfit associated with the system and the
interfacial interactions, which will be apparent when compar-
ing the final structures for the three systems in the following

EXPAND AMORPHIZE RECRYSTALLIZE section.
Preliminary test simulations on the amorphization and re-

FIG. 1. Schematic illustrating the amorphization and recrystal-crystallization strategy as applied to rocksalt structured ox-
lization methodology as applied to the generation of supporteddes suggest that assuming the material undergoes an amor-
nanoparticles. A slab of MgO is placed on a BA01) substrate and phous transition, the degree of compression or tension
expanded linearly by 31%; a small segment of the BaO nanoparticlimposed to facilitate the amorphous structure has little effect
is depicted illustrating the rocksalt structure of the material. Uponon the final structures. Specifically, the tolerances for effec-
the application of dynamical simulation, performed at high tem-tive recrystallization(as alluded to aboveare relatively
perature, the considerabltension inducedstrain within the MgO  prpad.
lattice results in the amorphization of the nanoparticle. Again a Tg ensure recrystallization, the temperature is scaled ho-
small segment of the nanopatrticle is presented to depict the amofpogeneously and stepped down. At each stage, the energies
phous transition. Upo_n prolonged dynamical simulation, the amory e gllowed to equilibrate, which gives rise to the long simu-
phous MgO recrystallizes. lation times. Any cooling rate in molecular dynamical simu-

lation will be excessively quick due to the short real times
at 2000 K for 5 ps, was applied, which resulted in the gen-accessible. We have, through ensuring equilibration at each
eration of a(tension inducedamorphous MgO “slab”on top stage performed simulations, which allow the system to re-
of the Bad001) substratgFig. 1). To recrystallize the slab, crystallize as efficiently as possible. The use of continuous
dynamical simulation was applied to the system for 855 ps atooling, although attractive, would remove our ability to
2500 K, 5 ps at 1500, 1000, and 500 K, and 110 ps at 0 Kmonitor and control this process, as we could not establish

To generate the SrO and CaO nanoparticles supported aasily if the cooling rate was too quick to allow the forma-

a BaQo001) substrate, the system comprising an amorphousion of low-energy structures or too slow so as to be ineffi-
MgO slab supported on the B&@®1) was taken and all the cient. In our approach, we can check at each temperature step
magnesium ions switched for either strontium or calcium.whether the system has equilibrated, which enables us to
These two systems were then recrystallized. In particulagxact some control over the efficiency of the recrystalliza-
dynamical simulation was performed on the CaO/B) tion.
system for 160 ps at 2000 K, 180 ps at 1500 K, 65 ps at 1000

K, 135 ps at 500 K, and finally 75 ps at 0 K. For the SrO/
BaQ(001) system, dynamical simulation was performed for
189 ps at 2500 K, 10 ps at 1500 K, 60 ps at 1000 K, 5 ps at To aid understanding and interpretation of the behavior of
500 K, and finally 200 ps at 0 K. SrO, CaO, and MgO nanoparticles supported on @&,

IIl. RESULTS

(a) (b) (c)

FIG. 2. Sphere model representations of the final atom positions comp@itige SrO,(b) CaO, andc) MgO nanoparticles supported
on a Ba@001) substrate. Oxygen ions are depicted by dark spheres, barium the lighter spheres, and Sr, Ca, or Mg the white spheres.
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FIG. 3. Schematic illustrating the pseudopyramidal slab mor-
phologies of the SrO and CaO nanopatrticles when supported on
BaO(001).

we consider the morphologies of the nanoparticles, the inter-
facial structures, the densities of ions as a function of dis-
tance from the interface, and also the radial distribution func-
tions (RDF’s).

A. Nanoparticle morphologies

To determine the morphologies of each nanoparticle,
graphical techniques were employed to visualize and ma-
nipulate the atoms comprising the nanoparticles and under-
lying BaO substrate. The atom positions for the SrO, CaO,
and MgO nanoparticles supported on Ba@l) are pre-
sented in Figs. @—-2(c) respectively. The SrO and CaO
nanoparticles demonstrate well defined cukstabh mor-
phologies, 15&150x22 A (SrO) and 140<140x20 A
(CaO in size(the thickness is perhaps rather ambiguous ow-
ing to partial filling of the surface layerswith {100 sur-
faces exposed at each of the five faces of the crystal and
presented also at the interfacial plane.

Inspection of the SrO and Ca@O01) surfaces reveal the
presence of a multitude of steps traversing fh60] and
[010] directions. These steps are predominantly monatomic
although a few diatomic steps are also present. In addition, (D)
the four sides of each nanoparticle are stepped and slope
inwards by about 10{CaQ and 5°(SrO) giving a similar FIG. 4. Sphere model representations depicting the atom posi-
morphological appearance to the base of a square pyramid;tians of (a) the interfacial Sr@002 plane of the nanoparticle and
schematic to aid interpretation is presented in Fig. 3. Analy<b) the interfacial Ba@02) plane of the substrate. Oxygen ions are
sis, using graphical techniques, revealed that within the cerdepicted by the dark spheres, barium the lighter spheres, and stron-
tral region of the CaO nanopatrticle ti@02) planes lie par- tium, the white spheres.

allel with the underlying Ba@®@O02 planes. Conversely, as . . L
; D vicinal MgO(112)/BaQ(001). The central MgO region is ro-
one traverses to the edges of the nanoparticle the( tated by about 6° about an axis perpendicular to the interfa-

planes bend upwardﬁQOl]) by as much as 0.5 A resu'ltmg cial plane. The intersection of these crystallites at the corner
n fhe(OOZ) plane"s having what can perhaps be described &g the central plateau region results in the formation of an
a “concave lens” shaped structure. Towards the outermosy 5y of grain boundaries. However, owing to the complexity
regions of the nanoparticle, the C&D2) planes lie vicinal ot the structure, including curvature of 802 planes, it
with respect to the substrate, which gives rise to the slopingyas not possible to characterize the orientational relation-
sides of the nanoparticle. Similar, albeit less marked, behawhips between these boundaries. Screw-edge dislocations
ior can be observed for the SrO/B&DY) system. were also identified to have evolved within the central pla-
Remarkably, the MgO/BaO nanoparticle is significantly teau region of the MgO slab. In addition, barium ions from
more complex and comprises a central plateau refjian-  the substrate are observed to decorate the outer surfaces of
nal MgO(001)/BaO(001)], with intersecting crystallites at the MgO nanoparticle. Further details of this system have
each of the four corners. These crystallites can be categdeen published elsewhefe.
rized loosely as having triangular pyramidal morphologies; A simulation study of Huang and Bartell on the structure
inspection of the crystallit¢far right of Fig. 2c)] reveals of potassium iodide nanoparticles suggests that the solid
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FIG. 5. Sphere model representations depicting the atom posi-
tions of (a) the interfacial Ca@02) plane of the nanoparticléb)
the interfacial Ba@O02 plane of the substrate. Oxygen ions are
depicted by the dark spheres, barium the lighter spheres, and c

cium, the white spheres. nesium, the white spheres.

FIG. 6. Sphere model representations depicting the atom posi-
tions of (a) the interfacial MgO(* hkl") plane of the nanoparticle,

b) the interfacial Ba@02) plane of the substrate. Oxygen ions are
lepicted by the dark spheres, barium the lighter spheres, and mag-

nanoparticles accommodate the rocksalt structure and aate are calculated to be 2.60, 2.40, and 2.05 A for the SrO
well faceted exposing001) surface$! Monodisperse crys- Ca0, and MgO nanoparticles, respectively, compared with

talline nanoparticles of barium titanate, with diameters ranginoz distances of 2.58Sr0O), 2.40 (CaO), and 2.10 A
ing from 6—12 nm, have been synthesized showing CUbi?MgO) within the parent oxidés. ’

morphologies’ Wollschlageret al. demonstrated that MgO,
when deposited on Mg thin films form ordered MgO grains
with different rotational orientatiorf¥. 1. SrQBa0(001)

The interfacial SrO and Ba002) planes are depicted in
Figs. 4a) and 4h), respectively. The SrO lies coherent with
respect to the underlying support with cations and anions

The interfacial SrO, CaO, and MgO layers are shown inlying directly above their respective counterions of the un-
Figs. 4a), 5(a), and &a) with their respective BaO interfacial derlying support. The interfacial SrO plane comprises many
layers shown in Figs. #), 5(b), and €b). Interfacial dis- isolated strontium and oxygen vacancies, associated defect
tances between the nanoparticle and the underlying BaO sulacancie$2—6 vacant sitesand larger vacancy associations,

B. Interfacial regions
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FIG. 7. Sphere model representations depicting the atom positio@as thie interfacial Ca@02) and Ba®@002) planes,(b) perspective
view of the CaO overlayer. The “light” regions ifa) are where the ions maintain coherence across the interfacial plane and darker regions
are where the ions fall out of alignment.

which can perhaps be classed as “voids.” In addition, iso-particle. In addition, many isolated and associated vacancies
lated and associated barium substitutionals can be seeare present within the interfacial C&M?2) plane. It is inter-
which occupy displaced strontium lattice positions. A similaresting to note that the top left corner of the CaO nanopatrticle
defective structure is also exhibited by the underlying inter{Fig. 5@)] comprises six BaO species, which have migrated
facial BaO plane. An additional feature of this system is thatfrom the interfacial Ba@02 plane. Similarly, three BaO

at the edges of where the SrO nanopatrticle sits on the surfaspecies have migrated to the top left corner of the CaO slab.
of the BaO substrate, the interfacial BaO plane exhibits A plan view of the interfacial CaO and BaO planes are
cracks or fissures with Ba-O distances ranging from aboushown in Fig. Ta). The figure shows various regions where
2.5 to 3.5 A. This indicates that the BaO beneath the SrO hathe cations and anions of the CaO are perfectly aligioed
contracted slightly to accommodate a coherent interfaciaheren} with their respective counter ions of the underlying
structure.

DISLOGATIONS

2. CaQBaO(001)

For this system, the contraction of the underlying interfa-
cial BaO plane is much more pronouncleg. 5b)] with
cracks and fissures clearly evident; Ba-O distances within
such cracks range from about 2.5 to 3.8 A. Moreover, the
contraction is limited not only to the perimeter described by
the overlying CaO nanoparticle, as is apparent for the SrO/
BaO system, but are also cleadyidentwithin the interfa-
cial area covered by the overlying CaO nanopatrticle. Clearly,
in the case of a CaO nanoparticle the strain within the BaO is
much greater and required cracks to form at closer intervals
in an attempt to maintain a coherent structure.

Inspection of the interfacial region of the overlying CaO
nanoparticle, Fig. &), suggests clusters of CaO, which in-
terface the main body of the CaO nanoparticle with the un-
derlying BaO substrate. Directly underlying these CaO clus-
ters, the BaO contracts, to maximize interfacial interactions

That CIUStFﬁ'er’ evolve a_t the ln'gerfaCIaI region, a‘c’. OPposed t averses to the right of the figure one can observe the ions move
complete filling of the interfacial Ca02) plane, indicates (i, 4 dislocation out of alignment. Notice that as the ions move
that there is a reduced density of ions. Sug,h an observation |5 of alignment, owing to the presence of the dislocation, the dis-
supported by previous theoretical studi2s: _ . tances between ions increases reducing the deleterious influence of

Similar to the SrO/Ba@®O0l) system, the interfacial isovalent ions in close proximity. Far right, the ions again become
BaQ(002) plane comprises isolated calcium ions, which havecoherent. An additional schematitop) illustrates the location of
migrated from the CaO slab to occupy barium lattice sitesscrew-edge dislocations, which facilitate this coherence misalign-
The barium ions displaced occupy calcium lattice sitesment transition. The dotted line shows where the bottom figure lies
within the interfacial Ca@02) plane of the overlying nano- with respect to the top.

Ca0(002)

FIG. 8. (Bottom) 2D schematic illustrating interfacial CaO ions
ing coherent with respect to the underlying BaO and as one

245414-7



SAYLE, DOIG, MAICANEANU, AND WATSON PHYSICAL REVIEW B 65 245414

BaO support. These regions of registry coincide with the 600
central region of the clusters seen in Figa)5 Towards the
edges of each clustdiand at the perimeter of the whole
nanoparticlg, the ions move out of alignment.

In Fig. 7(b), a perspective view of the interfacial ;
CaQ002) plane is shown. The “gaps” in the figure relate to 200 ¢ uoqo: )
parts of the CaO lattice, which bend (tit), via screw-edge :
dislocationg(no dislocations were observed in the SrO nano- N ERE R k \ ﬂ
particle), to form a second plane over the fitatschematic to 0 30 40 50

DEPTH

400 -

DENSITY

aid interpretation is presented in Fig). 8f one then com-
pares Fig. {a with Fig. 7(b) it can be adjudged that regions
of misalignment coincide with where the CaO starts to over- FIG. 10. Strontium and barium ion densities, calculated as a
lay the interfacial CaO plane. Screw-edge dislocations residtinction of distancemeasure in A along the[001] of the SrO/

in such regions of misalignment. Graphical techniques wer&aQ001) system. The ionic densities were integrated over a thick-
employed to locate and then deconvolute, with respect to theess of 0.1 A

adjoining lattice, the structures of the dislocations; the core

structure of one particular screw-edge dislocation is depictedented in Fig. 8. In addition, in this present study we suggest

in Fig. 9. ) the evolution of dislocations witmixedscrew-edge charac-
An experimental study by Ernstetal. on the

SrZrQ,;/SrTiO; system, fabricated using metal-organic depo-

sition of SrZrG, layers on SrTiQ(001) single-crystal sub-

strates and imaged using high-resolution transmission elec- 3. MgQ'BaO(001)

tron microscop(HRTEM), revealed that the lattice misfitis  Here, the interfacial regions are so complex that it be-
accommodated, in part, via the evolution of dislocati6hs. ¢omes almost intractable to rationalize the structure. Accord-
Moreover, such dislocations reside in regions of lattice MiSingly, only a few salient details are given. The interfacial
alignment in accord with the findings of this present study. Ing ;5 plane is highly defective comprising many voids and
addition, a study by Jiat al. on BaTiG; thin films deposited BaO and MgO clusters. Indeed, magnesium ions comprise
by laser ablation on Mg@0) substrates observedising 30% of the total cations within’ the interfacial BAD?2)

HRTEM) that the Iatuqe misfit asspmated .W'th the Sys.templane. For the interfacial MgO region, the MgO is seen to
was accommodated via the evolution of dislocations within

the thin film° Wollschlageret al. who employed spot profile expose.variou$ill defined orientations with re;pect to the.
analysis of low-energy electron diffraction to investigate theunderlylng BaO. However, we suggest tentatively, two ori-

surface morphology of MgO films grown on A2p1) sug- entations, which are perhaps evident. The first is vicinal
gest that the strain associated with the systensmatch M9dO(001)/Baq(00]) [center and left of Fig. @] and vici-

+3.4% leads to buckling of the MgO thin film and disloca- Nal MgQ(111)/Bad(001) (bottom right corne) The latter is
tions evolve. Moreover, the authors suggest that there are ri¢geduced from observing the exposure of small regions of
antiphase boundaries, which helps facilitate strain reliePure magnesium or oxygen planes in a hexagonal arrange-
without incurring electrostatic repulsion; a schematic, analoment. It is also interesting to note that barium ions, which
gous to the model proposed by Wollschlageral, is pre- have migrated from the interfacial BaO plane occugsain
boundary positions between the various crystallites com-
prising the MgO nanoparticle. There are no observable re-
gions of coherence between the MgO and underlying BaO
substrate.

Ca
....... Ba
30 40 50
FIG. 9. Ball and stick representation of the ion positions of a DEPTH
small segment of the CaO nanoparticle, which includes a screw-
edge dislocation. The core structure of the dislocatilight) is FIG. 11. Calcium and barium ion densities, calculated as a func-

shown within part of the surrounding CaO lattice of the nanopar-tion of distance(measure in A along the[001] of the CaO/
ticle. lons have been removed to ensure visibility of the dislocatiorBaO(001) system. The ionic densities were integrated over a thick-
core. ness of 0.1 A.
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DEPTH

FIG. 12. Magnesium and barium ion densities, calculated as
function of distancgmeasure in A along the[001] of the MgO/
BaQ(001) system. The ionic densities were integrated over a thick
ness of 0.1 A

C. lon densities
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within region I. Since ions within region Il are kept fixed
during the simulation, the first six peaks are sharp. Con-
versely, barium ions within region | are allowed to move.
Accordingly, the remaining two peaks, which correspond to
barium ions within region | are broadened, reflecting ionic
relaxation in this interfacial region as the BaO substrate re-
sponds to the overlying nanoparticle.

The remaining peaks within the figure relate to the over-
lying SrO nanoparticle, which one can estimate as about 22
A thick [the distance from the interfacial B&m2) peak to
the outermost Sr(@02) peak; the value is approximate ow-
ing to partial filling of the outermost SrO planes. In addition,
the nanoparticle comprises around 8002 layers with par-
tial occupancy of the uppermo#d0l) surface as indicated
by the small outer peaks. Figuréa? shows graphically the
incomplete filling of the surface layer, which comprises
many steps and ledges.

To aid structural interpretation of the nanoparticles, the We also notice peak broadenifig the righy correspond-
ion densities, as a function of distance normal to the interfaing to the SrO nanoparticle, which can be attributed to the
cial plane, are presented for the SrO/BaO, CaO/BaO, anglight bending of the Sr@02 planes from the center to the
MgO/BaO systems in Figs. 10-12, respectively. The ionedges of the nanoparticle as alluded to in the previous sec-

densities have been calculated using thEPREP codé® to

tion. SrQ002) interplanar distances, estimated from Fig. 10,

indicate any changes in the layers of the rocksalt structuredre calculated to be 2.45 or 0.12 A lower than the parent

lattices. The ion densitg(x) is defined as the number of
atoms of a given type, within a range of perpendicular posi

oxide with an interfacial SrO/BaO separation of 2.59 A. Sur-
prisingly, the calculations indicate that the B&02) inter-

tions in the simulation cell and normalized to the averageplanar separation is reduced from 2.73(farent oxide to

density

vV 1

N Adx @

2 S(X—X;)

00§ 25 )
whereV is the simulation cell volumeN is the number of
atoms of the given typéA is the area of the interface; is
the perpendicular height of atomand éx is the histogram
width over which theé function gives one. A value of 1.0
thus represents the average density for that species within t
entire simulation cel(including the vacuumwith larger val-
ues indicating increased density and the formation of well
defined crystal planes.

1. SIQBa0O(001)

2.55 A for the two interfacial Ba@®02) planes.

2. CaQBaO(001)

For the CaO/Ba@01) system(Fig. 11) a similar trace to
that of the SrO/Ba(®01) system is evident. The two peaks
corresponding to the interfacial B&?2) planes are broad-
ened further compared with the SrO/B@01) system re-
flecting the increased interfacial relaxation of the BaO sub-
ﬁ%trate in response to the CaO nanoparticle. The nanoparticle
'€ estimated to be about 20 A thick and comprises 8-9
CaQ002) layers, again exhibiting partial occupancy of ions
‘at the outermost surface. The peaks, corresponding to the
CaQ002) planes, are much broader compared with the pre-
vious SrO/Ba@001) system with the density failing to fall to

zero between the peaks owing to the considerable curvature

In Fig. 10, the ion densities of both the SrO and BaO areof the CaQ002) planes. This is a consequence of the ions at

presented. The bottom of the BaO substrate is located atthe outermost regions of the nanoparticle having moved
depth of zero with the first eight peaks corresponding tamore than a002) lattice spacing such that the density at a

BaO(002) planes. The first six peaks relate to barium ions,particular distance includes ions from two different

which are within region Il, while the following two are CaQ002 planes.

It

4 6
8rO Interatomic Separation (r)

350
300
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_ 200 -
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S 150 |
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100 4
50
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|

4 6
BaO Interatomic Separation (r)

1

FIG. 13. Calculateda) SrO RDF,(b) BaO RDF for the SrO nanoparticle supported on a B substrate. Interatomic separations are
shown in A.
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0

FIG. 14. Calculateda) CaO RDF,(b) BaO RDF for the CaO nanoparticle supported on a @8® substrate. Interatomic separations are
shown in A.

The figure indicates also a small amount of intermixing ofculated using theibPrRePcode? The RDF is defined as the
barium and calcium ions across the interfacial plane withprobability of finding an atom at a distancefrom another
barium ions extending as far as 8 A into the CaO latticeatom compared to a homogeneous distribdftiamd is given
Interplanar Ca@02) distances are calculated to be about 2.2py
A, which is 0.2 A smaller than interplanar distances in the
parent oxide; the interfacial distance is calculated to be 2.4 Vv 1
A. In addition, the two interfacial Ba@02 lattice spacings g(r)= NN, m<
are reduced by 0.2 A compared with the parent material.

P>

> > 5(r—rij>>, 3)

whereV is the volumeN; andN, are the atom types of the
3. MgQBaO(001) RDF. The delta function must give rise to a value of one for
Figure 12 depicts the density of ions, as a function ofa range ofr (or), allowing the formation of a fine grain
distance normal to the interfacial plane, for the MgO/histogram. The RDF thus tends to 1.0 at long distances with
BaO(001) system. The trace, while exhibiting characteristi- sharp peaks indicating a regular lattice structure. For amor-
cally sharp peaks for the underlying BaO substrate, is markphous or liquid systems the RDF shows characteristically a
edly different to the traces for the previous two systems. Thémall number of broad peaks at short distance, indicating
two interfacial BaO planes are much broader indicating conshort range order, superimposed on an oscillating trace to
siderable relaxation of ions within this region. Barium ions 1.0, which indicates the loss of long range ortleFor the
can also be seen to migrate into the MgO nanoparticle as fa#ystems considered in this present study, normalization is
as the surface of the MgO nanoparti¢ses can be observed performed by using a homogeneous distribution for the
in Fig. 2(c)]. In addition, there are no peaks, which could bewhole simulation cell, which contains significant regions of
attributed to Mg@002) planes within the figure. This is be- empty space. The RDF is likely therefore to be larger than
cause the trace includes integrations of the ionic density frond.0 at short distances and only tend to 1.0 at very long dis-
all the various misoriented crystallites and peaks correspondances when multiple simulations cells have been considered.
ing to MgQ(002) planes are not resolved.
The observation of diffusion of ions into the nanoparticles 1. SrQBa0(001)

is supported by the molecular beam epitaxy study of the gr0 and BaO RDF's for the SrO/B4@D1) system are
growth of FgO,/NiO thin films by Lind etal® They presented in Figs. 18 and 13b), respectively. The figures
showed that interfacial diffusion of the §@, and NiO layers  indicate that both the SrO nanoparticle and underlying BaO
occurs of the order of one or two atomic layers. This is thesypstrate maintain a rocksalt type structure. For the BaO sub-
order of diffusion that we see within the lower misfit sys- strate the RDF is sharp indicating little perturbation of the
temS, which are closer to the eXperimental SyStemS of Linqhterfacia| ions in response to the Over|ying SrO nanopar-
etal ticle. Nearest neighbor Ba-O distances are calculated to be
2.73 A, which are commensurate with the parent oxide. Ad-
ditional nearest neighbor peaks at 2.57, 2.63, and 2.78 A are
Radial distribution function$RDF’s) were used to inves- also evident from the RDF. For the overlying SrO nanopar-
tigate the structural disorder of the thin films and were caldicle, the peaks are broad and split, with nearest neighbor

D. Radial distribution functions

300 600
500
200 400
% % 300 4
100 i 200 4
100
0 JU . 0 , ‘ | e
0 2 4 6 8 10 0 2 4 6 8 10
(a) MgO Interatomic Separation (r) (b) BaO Interatomic Separation (r)

FIG. 15. Calculateda) MgO RDF, (b) BaO RDF for the CaO nanoparticle supported on a @80 substrate. Interatomic separations
are shown in A.
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Sr-O distances of 2.5 and 2.7(fange 2.3t0 2.8 A One can particle are able to maintain registry with the underlying
(loosely assign the 2.7 A peak as corresponding to the exeounter ions of the BaO substrate and a nanoparticle that is
pansion of the SrO in the interfacial plaffd00] and[010]) coherent with respect to the substrate evolves. Clearly, for a
to ensure coherence with the underlying BaO substrate withanoparticle 8—9002) layers thick, the energy required to
the peak at 2.5 A reflecting theontracted SrO(002) inter-  tension the SrO lattice by 7% and into coherence with re-
planar distances. Average nearest-neighbor Sr-O distancepect to the underlying BaO is more than compensated for by
calculatedwithin each Sr@02) plane(RDF not showhare the favorable interactions between counter ions. In addition,
2.72 A (interfacial plang 2.70, 2.69, 2.68, 2.67, 2.67, 2.55, we suggest that the underlying BaO contracts slightly, result-
and 2.55 A(surface plangindicating a slight contraction in ing in the formation of fissures or cracks within the interfa-
the SrO lattice as one traverses from the interfacial plane taial BaO002 plane [Fig. 4(b)] to help ensure coherence,

the surface of the SrO nanopatrticle. thereby maximizing the interactions across the interfacial
region.
2. CaQBaO(001) We also advocate that the defects present at the interfacial

The calculated CaO and BaO RDF's for the cao/region will help reducelocally) the lattice misfit further sta-
BaO(001) system are presented in Figs.(@4and 14b), re-  bilizing the system. For example, owing to the larger size of
spectively. The RDF for the BaO support is sharp, withthe barium ions compared with strontium, the barium ions
nearest-neighbor Ba-O distances of 2.73 A. The RDF’s fofmigrating from the support into the SrO nanoparticle at the
the overlying CaO is broad with nearest-neighbor Ca-O disinterfacial region will result in an expansion of the SrO, re-
tances of 2.3 Arange 2.1 to 3.5 f a shoulder at 2.5 A is ducing locally the lattice misfit. Similarly, the migration of
also evident. Average nearest-neighbor Ca-O distances fdéhe strontium ions displaced into the BaO support will con-
ions within each Ca®02) plane (RDF not showh are cal-  tract the underlying BaO interfacial plane. In addition, the
culated to be about 2.4 frange 2.2 to 3.2 Aor commen-  evolution of vacancy clusters or voids will facilitate in-
surate with the parent oxide and 0.33 A smaller than th&réased ionic relaxation, which may help maximize favor-
underlying BaO substrate. This suggests that the CaO do@ple interactions between counter ions. .
not lie commensurate with the BaO support. However, this is  Visualization shows that the sides of the nanoparticle are
an average distance and from Figaj7one can observe re- tilted, resulting in a pseudopyramidal morphological appear-
gions where the CaO appears to lie coherent with respect @ce. This helps facilitate a reduction of the lattice parameter
the BaO and adjoining regions where the cations and anior@s one traverses from the interfacial plane to the surface of
across the interfacial region are misaligned. We suggest th&#€ SrO nanoparticle. The driving force for such behavior is
in regions of coherence, the CaO is under tensile stress € reduction in strain energy within the SrO. Specifically, as
enable accord with the lattice parameter of the underlyin@n€ proceeds from the interfacial plane, where the SrO is
BaO. Conversely, in regions of misalignment the CaO isconstrained under tension to ensure coherence with the un-
compressed. And while this is true in general within regionsderlying BaO, to the surface of the SrO, the lattice parameter
of coherence and misalignment, inspection of the actual bongiradually reduces to be more in accord with the parent oxide.
distances in these regions exhibit considerable variability a§onsequently, the strain energy terms are reduced.

indicated by the range.2 to 3.2 A of CaO distances within ~ One perhaps surprising observation is that the interplanar
the Ca@002) planes. SrO(002 separation is 0.12 A smaller than in the parent
oxide. Conversely, within the plane the interionic distances
3. MgQ'BaO(001) are about 0.12 A greatéto enable coherengeThe strain in

The calculated SrO and BaO RDF for the MgO/Baa) thg Ia_ttice and subsequgnt anisotropic'structure Wi_II have im-
system are shown in Figs. & and 15b), respectively. The pl|cat|on§ for the chemical and physical properties of the
BaO RDF exhibit sharp split peaks. Nearest-neighbor Ba-Granoparticle.
distances are cal'gulated as 2.62 and 2.73 A with minor peaks
at 2.58 and 2.78 A. Conversely, the peaks within the RDF for
the overlying MgO nanoparticle are sharper compared with B. Ca0yBaO(00])
either the supported CaO or SrO nanoparticles. Average For the CaO/BaO system, which is associated with a
nearest-neighbor Mg-O distances are calculated to be 2.05 A15% lattice misfit, the nanoparticle does not maintain co-
(range 1.9to 2.2 A herence across the full interfacial area. Clearly, the energy

required to strain the CaO into coherence with respect to the

IV. DISCUSSION underlying BaO substrate is higher than the energy returned

by having counter ions in close proximity. Consequently, the

imulations advocate that only certain regigasound 200—

00 A% of the CaO maintain coherence with respect to the
q.mderlying BaO; the surrounding regions fall out of align-
ment. Within regions of misalignment, isovalent ions are in
close proximity destabilizing the system. However, such un-

A. Sro/Ba0(001) favorarf)le inter)({ictions are r(gducedyvia the evolution of screw-

For the SrO/Ba@01) the lattice misfit is, at-7%, rela- edge dislocations, which act to preserve low interfacial dis-
tively small. Consequently, ions comprising the SrO nanotances for coherent CaO/BaO regions, while maximizing

The various morphological, epitaxial, and structural fea-
tures for each of the three systems are summarized in Table
We attempt now to rationalize the structures in terms of th
misfits associated with each system.
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TABLE I. Summary of theM O (M = Sr,Ca,Mg) nanoparticles supported on Ba@l) giving the lattice parameters for théO and misfit(F) of each system; the morphological features%
and size of the nanoparticles includingO distances within eacMO(002) plane and distances betwddi©(002) planes; epitaxial relationships identified; features pertaining to the
interfacial regions and interfacial separations and defects identified within the supported nanoparticle and underlying BaO substrate. %
0
Nano- Jz>
particle F Morphology Epitaxy Interfacial region Defects E
z
SrO 516 A 15x150x 22 A slab Sr@001)/BaO(001) Slight perturbation of interfacial No dislocations <
BaO(002) at perimeter of 3‘Z>
nanopatrticle o
7% Pyramidal sloping5°) sides Fully coherent Isolated vacancies )%
Monatomic(few diatomig Broad SrO RDHFattice strain Interfacial distance: 2.60 A Vacancy clusters and voids J,'
steps on nanopatrticle surface Cz)
Sr, Ba substitutionals
Sr-O distances 2.69; 2.45 A Migration of Ba into nanoparticle
(1-2 planes
CaOo 480 A 146140x20 A slab Ca@01)/Ba0O(001) Cracks/fissures in BaO Screw-edge dislocations
surrounding coherent regions Isolated vacancies
—15%  Pyramidal sloping10°) sides Vicinal Ca@01)/Ba0(001) of overlying CaO Vacancy clusters
Significant plane bending Coherent domai#60—300 &) Reduced ionic density Ca, Ba substitutionals
separated by misaligned regions
Monatomic(few diatomio Broad CaO RDKlattice strain Interfacial distance: 2.40 A Migration of Ba into nanoparticle
steps on nanoparticle surface (1-2 planes
Ca-O distances 2.40; 2.20 A
MgO 420 A approximate 128125x 20(25) Vicinal MgO(001)/BaQ(001) Considerable perturbation and Grain boundaries
“slab” mixing of interfacial planes
—31%  Misoriented grains Vicinal MgQ@11)/BaQ(001) MgO and CaO clusters Screw edge dislocations

Significant plane bending

“Pyramidal” morphology at
corners

Mg@kl)/BaO(001)

Misaligned grains

Sharp MgO RDF
No apparent coherency

Reduced ionic density
Interfacial distance around 2.05 A

Considerable migration of Ba into
nanoparticle

Ba ions decorate nanoparticle surface
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interfacial distances for the adjoining misaligned regionsnearest-neighbor Mg-O distances in accord with the parent
within the same CaO plane. For example, within misalignecxide. The data indicates that while the SrO and CaO nano-
regions, the distance between isovalent ions across the intgsarticles are highly strained, there is comparatively less
facial region is increased via screw-edge dislocations, whicRtrain within the MgO nanoparticle. We suggest that owing
enable the CaO lattice to spiral up half a lattice parametefo the high associated lattice misfit of the MgO/BaO system,
away from the underlying substrate. Such a phenomenon hagere is no possibility of coherency and hence strain to bring
been observed previously in simulations of CaO/MgO thinghe |attices into coherence. Moreover, in previous stutfies,

fiIms.ZSInscontrast, for the SrO/Ba00]) system, the critical \yhich explored the structures of completely covered thin
thicknes§® for the nanoparticle has not been reach®aing  fjm the RDF for the thin film were sharp indicating consid-

to the smaller lattice misfit associated with the systemd o ap1y jess strain within the thin film compared with the

therefore no dislocations were observed to have evolved IRanoparticles considered hefwe note, however, that there
the Iatnce._ . . is no data on SrO or CaO on BaO or systems with an asso-

Itis pertinent to propose that if the CaO/BaO nanoparticlegjateq negative lattice misfitlt is likely that the consider-
were smallerlower interfacial arep the nanoparticle would  ape strain within the nanoparticles may give rise to modifi-
be able to maintain coherence and no dislocations wWould,tion of their electronic properties.

evolve, i.e., if the surface area of the nanoparticle in contact 5, might propose that the interfacial BA00) plane is
with the substrate were commensurate with the area of Cag, gefective and arises because of the considerable energy

maintaining _co.herence. It alsq follows that for a system with, \+.oquced into the system in order to generate an amorphous
a smaller misfit, compared with the CaO/BaO system, suclyycyyre. However, we suggest that this is not the case. In-

regions of coherence WO,UId be larges is obzgerved ‘,Nith the spection of the system after amorphization reveals the inter-
SrO/BaQ001) systen). Itis well documented that disloca-  ¢a¢ia Bagi100) layer to be free of defects. It is only during
tions within thin films evolve at a particular “critical thick- acrystallization that the defects evolve within the system.
ness,” which is related to the associated lattice misfit andye propose that the considerable perturbation and defective
also (albeit less markedpreparative conditions. One might 4t re of the interfacial BaQ00) plane is a consequence of
suggest therefore thafor a certain nanoparticle thickngss yhe pigh |attice misfit associated with this system. Specifi-
there is also a “critical area” for dislocation evolution asso- o4y the results indicate that as the lattice misfit associated

ciated with a particular system. Specifically, we propose thafyit the system increases, so the interfacial layer of the sub-
the size(surface arermof a nanoparticle will be related to its strate becomes more defective.

critical thickness to dislocation evolution although further A, important feature of the simulated amorphization and
studies will be necessary to explqre this assumption. S'nCF‘ecrystallization strategy we have employed in this study is
the presence of dislocations can influence considerably, th ¢t is capable of generating model structures, which are
physical and chemical properties of a material, the phenomy,yenendent of the preparatory configurations. However,

ena of “critical areas” will be important with respect to the gjnce the final structures appear similar to the starting struc-
fabrication of new materials, which involve supported nano-reg it is pertinent to question this assumption. This is im-

particles or strips such as electronic devices. Similar to th¢tant since if the final structures reflect, in part, the prepa-
SrO/BaQo0)) system, the CaO/Ba00D) system exhibits 410 configuration, any artificial features within  this
defect(substitutionals, vacancies/vojdshich help facilitate  giarting structure may also appear within the final structures.
locally a reduction in the lattice misfit. __We argue that this is not the case with our methodology. In
Experimentally, James and Hibma observed that NiOpaicylar, the nanoparticle is forced to go amorphous
when deposited on Mg@02), lies coherent with respect to herepy eliminating any long-range structural features within
the substrate. Moreover, a critical thickness of 600 A wagye nanoparticle. For the final structure to reflect the initial
at_tal_ned after_wkllé:h dl_slocat_lons evolve to relieve the Stra"%tructure, memory of the preparatory configuration must be
within the lattice.” A simulation study by Ashkenazgtal.  etained somehow within the short-range structure of the
suggests that small Pt nanoparticles, supported on Pt will \o0hous solid, which is unlikely. Conversely, although
align themselves with the substrate. However, as the particlgere s no identifiable structure within the long range as
SIz€ Increases, an array of grain-boundary dislocationfyenified by RDF, and visualization, there might conceiv-
evolvg, wh|c_h, in part, supports the_z idea of a critical aredahly be some “pattern” in the long range that we cannot
associated with supported nanoparticles. resolve. Clearly, this philosophical suggestion is at present
beyond the scope of investigation using the methods we have
available. Rather we suggest that the final structure appears
C. Mg0/BaO(001) similar to the preparator?%onfiguration owing to the facf'?hat
For the MgO/Ba@001) system the lattice misfit is so high the oxide prefers to expod@01 facets since they are the
(—31%) that no areas of the MgO with respect to the under-most stable, which gives rise to the characteristic slab mor-
lying substrate were observed to lie coherent; rather th@hological appearance of the nanoparticles. Indeed, experi-
nanoparticle exists as various interconnecting crystallitesnentally, it is found that MgO exposes predominantly the
with various misaligned and ill defineifficult to resolvé  (001) face when supported on ($11) and glass® In addi-
orientations. It is interesting to note that while the RDF fortion, previous work on the MgO/SK011) system, revealed
the SrO and CaO nanoparticles were broad, the RDF for ththat the supported MgO transformed from exposing the
MgO nanoparticle was, in comparison, relatively sharp withMgO(011) surface at the interface and surface of the film
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(preparatory configuratiorto exposing thelmore energeti- maintain coherence with the substrate and regions where the
cally stable (001) at both surfaces via the amorphous lattices fall out of alignment become interdispersed with re-
transition®* This provides further support to suggest that thegions of coherence. The misaligned regions comprise screw-
amorphization and recrystallization strategy can eliminateedge dislocations, which enable the lattice to spiral away
features associated with the preparatory configuration. Moregrom the substrate reducing energetically deleterious interac-
over, for the MgO/Ba@01) system considered in this tions between isovalent ions. We suggest that the surface
present study, the various rotations, and orientations of tharea of the substrate covered by the nanoparticle together
various crystallites comprising the MgO nanoparticle arewith the thickness of the nanoparticle will influence the ini-
markedly different from the preparatory configuratidfig.  tiation of coherence to lattice misalignment and subsequent
2(0)]. dislocation evolution. Finally, at very high negative lattice
One might perhaps expect the oxide nanoparticle to adopnisfits [ —31%; MgO/BaQ@001)] even small regions of co-
a “droplet” appearance. Indeed, we have observed this conherence are not observed. In addition, the results indicate that
vex lens-type morphological appearance for SrO nanopais the lattice misfit associated with the system increases, so
ticles supported on Mg@01) and have rationalized its for- the interfacial layer of the substrate becomes more defective.
mation based upon the high positive lattice misfit associated For both the SrO/Ba@01) and CaO/Ba@01) systems
with this systen?? Conversely, for the systems considered inthe average MD distances within the plane of the interface
this present study, which are all associated with negativ¢[100]; [010]) were 0.24 and 0.20 A higher thavlO dis-
lattice misfits, thd002] planes comprising the nanoparticle tances perpendiculdf001]) to the interfacial plane for the
exhibit curvature in the opposite seng®ncave lens-type SrO and CaO nanoparticles, respectively. In addition, the in-

morphology to a droplet. terplanar MO(002) distances for both the SrO and CaO
nanoparticles were contracted uniformly by 0.12 and 0.2 A,
V. CONCLUSIONS respectively, suggesting the nanoparticles demonstrate an-

) i .. isotropy perpendicular and parallel with the interfacial plane
We have shown that employing a simulated tension inyith important implications for their properties.
duced amorphization and recrystallization methodology,

models for metal oxide nanoparticles supported on an oxide
substrate can be generated. For oxide nanoparticles sup-
ported on an oxide substrate with “low{—7%; SrO/
BaO(001)] associated lattice misfits, the nanoparticle lies co- We would like to acknowledge funding for a 20 processor
herent with respect to the underlying substrate. However, aSompaq SC cluster, located at the Rutherford Appleton
the lattice misfit increase$§—15%; CaO/Ba@01)], the Laboratory, which was purchased and supported with fund-
strain energy becomes prohibitive for the nanoparticle tang from the JREI(JR99BAPAEQ and Compag.
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