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ABSTRACT

We report a discovery that self-assembled perovskite  —spinel nanostructures can be controlled simply by selecting single-crystal substrates

with different orientations. In a model BiFeO  ;—CoFe,O, system, a (001) substrate results in rectangular-shaped CoFe  ,0, nanopillars in a
BiFeO3 matrix; in contrast, a (111) substrate leads to triangular-shaped BiFeO 3 nanopillars in a CoFe ,0, matrix, irrespective of the volume
fraction of the two phases. This dramatic reversal is attributed to the surface energy anisotropy as an intrinsic property of a crystal.

At the nanoscale, materials often possess physical propertiegxample, we previously demonstrated an approach to creating
that are dramatically different from their corresponding bulk self-assembled nanostructures consisting of single-crystalline
crystals. This is one of the central driving forces for the spinel nanopillars heteroepitaxially embedded in a perovskite
explosive increase in research on nanoscale materials suclmatrix%1? Such nanostructures, in which the matrix is
as nanowires, nanoparticles, and quantum dots. However, giezoelectric (such as BaTi@r BiFeQ;) and the nanopillars
key to realizing their potential applications to nanotechno- are piezomagnetic (such as CeBg, show significant mag-
logical devices is the ability to assemble them into desirable netoelectric coupling. An essential question arises: would
patterned nanostructures. This requires the development angt possible to invert such nanostructures by changing from
application of innovative design strategies. an anrrangement of spinel nanopillars in a perovskite matrix
In general, there are two approaches to fabricate nano-to one of perovskite nanopillars in a spinel matrix? Or, more
structures: through self-assembly processes or lithography.generally, what are the factors that control such domain
Material synthesis through self-assembly has been exploredpatterns and shapes? This is a fundamental yet poorly
in a wide variety of systems ranging from polymérs, understood question related to the spontaneous formation of
semiconductord? and metals® to oxides® There are a  thin-film nanostructures on a substrate.
number of reports that have shown that one functional 14 aqddress this issue, we consider the growth of a
material spontaneously forms nanodots or nanopillars (nano-¢rysialiine nucleus on a substrate. In the early stages of

wi.res_) embedded in a matrix of another material during the ,\cleation and growth, the nucleus tends to grow in shapes
thin-film growth.”~** Embedded nanostructures offer attrac- 4ominated by surface energy terfghe equilibrium shape

tive new possibilities for device applications because in ot 4 crystalline nucleus on a substrate can be determined by
addition to the individual functionalities of each constituent . < bstrate surface energy, interface energyys, and
phase, they can display cqupling between the .ord'e'r param-g, t- o energy of the crystalline phase, using the
eters. The degree of_cou_p_lmg and hence the significance ofyyinterhottom constructiot? The energy change by replacing
such nanostructures is critically dependent on the NanostruCy,. substrate surface with an interfadey = y1, — 1

ture morphologies including domaln patternS_ and shapes 33escribes the wetting strength of the crystalline phase on the
well as structures and properties of the interfaces. For

substraté? If Ay < —y,, then the crystalline phase wets
the substrate completely (i.e42 + y2 <y1), the crystal can
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by eight{111} facets!® The growth mode of the perovskite
and spinel phases can, therefore, be very different when they
are epitaxially grown on a substrate surface. The Winter-
bottom construction, shown schematically in Figure 1la and

Table 1. Surface Energy of the Spinel and Perovskite Crystals
(Refs 17-28)

surface energy (J/m?2)

structure materials  (111) (110) (o) b, gives us a simple way to explore the role of such differ-
peravelite B 08 e 20 S R ences in surface energy anisotropies on the growth mecha-
1 , 23, 3.4,3.7,5. . . . .
priozw PbTiO419 0.97 nisms of such nanostructures as a function of substrate orient-
, , (most stable) ation. On a (001) substrate, the perovskite wets the substrate
MeSio  MgSios™ 22, 2.1 surface while the spinel forms nuclei with a pyramidal
(most stable) ave p . py
spinel CoFeinf 0.208 1.916 1.486 equilibrium shape, consisting ¢fl11} facets. In contrast,
NiFe,Oy 0.207 1.837 1.161
Fes0,2¢ 0.293 2164 1451 the roles of the two_phasgs are re_versed ona (1_11) substrate,
MgAl,O2*  0.298 2.702 1.446 as shown on the right side of Figure 1a. In this case, the
1.7, 3.0% spinel wets the surface while the perovskite forms nuclei

with a tetrahedral equilibrium shape, consisting{aDG
facets. This formalism then gives us, to a first approximation,
a method to create spinel nanopillars in a perovskite matrix
or to invert this architecture. Experiments conducted on
various single-crystal oxide substrate materials of the same
orientation (SrTiQ, LAST, MgAl,O,4, LaAlO3) show very

growth modé®). The equilibrium shape of the island is the
part of the Wulff shap¥ of the crystal that is sliced off by
the substrate. The different nucleation modes (layer by layer
vs island growth) as a result of the different wetting condition
of a material on a substrate can thus be utilized to predict

and control the morphology of a two-phase thin-film nano- . -
structure. We illustrate this for the oxide family of materials 1ttle effect on the nanostructure architecture, suggesting that

using the perovskitespinel model systems. the wetting behavior (i.g., the energy diﬁerenge between
The surface energy anisotropy of spinels is very different .substrgt.e surface and. _fllm/substrate mte_rface) is relatively
from that of perovskites. Most perovskite phases are char-insensitive to the specific substrate material compared to the
acterized by low-energf100 surface¥’ 22 (Table 1), and  Surface energy anisotropy of perovskite and spinel phases.
a corresponding equilibrium shape of a cube dominated by In the fully grown film, the fraction of the two phases is
six {100} facets!® Conversely, in spinels, thel 11} surface established by the deposition conditions (for a columnar
typically has the lowest surface enetgy® (Table 1), morphology, area fraction= volume fraction), but during
reflected in an equilibrium shape of an octahedron boundedthe nucleation stage, the area fraction of the substrate covered

a
(001)

substrate (001) substrate (111)

Figure 1. Schematics of perovskitespinel nanostructures on (100) and (111) surfaces. (a) Winterbottom construction, illustrating the
changes in nucleation modes for the perovskite and spinel phases on the (100) and (111) substrateguifatteswetting strengthy,

is the surface energy for the epitaxial phase [(111) surface energy of spinel or (001) surface energy of the perovskite]. (b) Equilibrium
shapes of a perovskite and a spinel. (c) The spinel phase forms nanopillars inside a perovskite matrix on a (001) substrate surface. (d) The
perovskite phase forms nanopillars inside a spinel matrix on a (111) substrate surface.
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Figure 2. Morphologies of the BiFe®-CoFeO, nanostructures grown on a (001)-oriented Sgl$0bstrate. (a) Z-contrast image from
a plan-view TEM sample. (b) A plan-view TEM image of a single Cgbepillar embedded in a BiFeQmatrix. (c) A high-resolution
TEM image from the interface region marked by the rectangle in b. (d) Structural model of the interface betwegdy, GoEeBiFeQ
showing that the interfaces af@1G planes, alondl10directions. (e) Cross-sectional TEM image of a single GOgeillar. (f) SEM
image of the CoF®;, pillars. (g) A schematic of a Cok®, pillar. (h) A schematic of a CoR8, pillar showing (111), (11), (111), and

(111) facets.

by the two phases depends mainly on wetting strength. Inis, perovskite SrTiQ spinel MgALO,, rock salt MgO, MgO
the early stages, the wetting phase will cover most of the with a buffer layer of CoFg,, and SrTiQ with a buffer
substrate, but during subsequent growth its area fraction will layer of BiFeQ. In all of these cases, Cof#, nanopillars

be reduced to that given by the deposition conditions. During embedded in a BiFefInatrix were observed irrespective of
subsequent growth, the steady-state area fraction is estabthe volume fractions and substrate materials at optimized

lished. This adjustment during growth will lead to an inverted

growth conditions. Similar experiments were conducted with

cone shape as the nuclei of the partially wetting phase growthree different volume fractions on (111)-oriented substrates.

into pillars with the correct area fraction. Parts ¢ and d of

In this case, we found that the nanopillar and matrix phases

Figure 1 are schematics showing the different morphologies are reversed; that is, nanopillars of Bire&e formed in a

of a perovskite-spinel film grown on (001) or (111)-oriented

CoFeO,; matrix.

substrates. On a (001)-oriented substrate, the spinel islands Figure 2 shows the morphologies of the Bire@oFeO,
develop into the pillars and the perovskite showing planar (1:1) thin film grown on a (001)-oriented SrTiGubstrate.

growth is the matrix. On a (111)-oriented substrate, the
perovskite forms pillars with the spinel as the matrix.

We now demonstrate this generic approach using BiFeO
CoFeO, as a model system. BiFg@s ferroelectric with a
Curie temperatureTg) of about 1100 K. It has a distorted
perovskite structure (pseudocubia,= 0.396 nm) with
rhombohedral symmetryR3c).2° CoFeQ, is ferrimagnetic
with a cubicFd3m spinel structure. It has eight formula units
per unit cell,a = 0.838 nm, which is almost double unit
cell of BiFeG. The similarities between the structures of
the two phases, that is, both are cubic with small lattice
mismatch ¢5%) and similar oxygen coordination, present
the possibilities of epitaxial growth of the BiFe©CoFeQ,

CoFeQ, forms nanopillars presenting a rectangular shape
embedded in a BiFefnatrix. Parts a and b of Figure 2 are
Z-dependent contrast images obtained by using 200 kV FEI
monochromated F20 UT Tecnai TEM equipped with a high-
angle annular dark field (HAADF) detector. Because of the
significant difference in the atomic number of Bi (83) and
Co (27), the contrast of the BiFg@natrix (bright) and the
CoFeOQ, pillars (dark) can be obtained easily in such
HAADF images. A high-resolution TEM image (Figure 2c)
and the corresponding structural model (Figure 2d) show the
interfaces between BiFg@nd CoFgO, are of{ 110} -type
planes, providing three-dimensional heteroepitaxy within the
nanostructure. Cross-section TEM studies confirmed that

nanostructures on a single-crystal substrate. By using pulsedCoFeQO, nanopillars grow from the substrate interface to the

laser deposition (PLD), we deposited films with different
volume fractions of BiFe@and CoFgO, (65:35, 1:1 and

top of the films where they displafy111} type of facets
(Figure 2e-h). For the films grown on a (111)-oriented

33:67) on various (001)-oriented single-crystal substrates, thatSrTiO; substrate, BiFegforms triangular shaped nanopillars
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Figure 3. Morphologies of the BiFe®-CoFeO, nanostructures grown on a (111)-oriented Sgl$0bstrate. (a) Z-contrast image from
a plan-view TEM sample. (b) A plan-view TEM image of a single Bigglar embedded in a CoR®, matrix. (c) A high-resolution
TEM image from the interface region marked by the rectangle in b. (d) Structural model of the interface betwegd, GoEeBiFeQ
showing the interfaces afd 12 planes, alondgl10ddirections. (e) Cross-section TEM image of a single BigpDar. (f) SEM image of
the BiFeQ pillars. (g) A scheme of a BiFe{illar. (h) A scheme of a BiFe©pillar showing (100), (010), and (100) facets.

embedded in a CoR®, matrix (Figure 3ah). These Details about the nanostructures upon the growth kinetics
nanostructures also show three-dimensional epitaxy; thewill be reported separately in a later publication.
interfaces between the BiFgQillars and CoFgD, matrix Both (001)- and (111)-oriented nanostructure thin films
are{112 planes, which are shown in the planar section high- show well-defined magnetic and ferroelectric properties.
resolution TEM image (Figure 3c) and the corresponding Figure 4a-c shows the magnetic properties of the Cge
structural model (Figure 3d). The morphology and growth nanopillars from the film grown on a (001) SrTiGubstrate
habit of these nanopillars is apparent from Figure-Be with a SrRuQ bottom electrode. Magnetic force microscopy
For both type of nanopillars, we also observed the inverted (MFM) was conducted after the film was magnetized in fields
cone features close to the substrate interfaces as shown if £20 kOe. The MFM images show that the magnetization
Figure 1c and d (see Supporting Information, Figure S1). direction of the CoFg, pillars was switched up and down
The planar shape of the pillars in both cases is determined(bright and dark in contrast) in response to the applied
by the crystallographic constraints due to the intersection of magnetic field (in Figure 4a and b). The magnetization (M)
the two phases. THeL11} facets of the spinel phase intersect versus field (H) hysteresis loops corresponding to the
the {001} facets of the perovskite phase alom@10] CoFeQ, pillars are shown in Figure 4c. An anisotropy field
directions, outlining the base of a rectangular prism on a of 8 kOe with an easy axis along the pillar long direction
(001) substrate and the base of a triangular prism on a (111)was observed. A clear ferroelectric response was obtained
substrate. Together with the columnar morphology, their from the BiFeQ matrix by using piezo-force microscopy
polygonal base bounded h¥10directions constrains them  (PFM). The electrical poling was performed by scanning at
to have{110 facets on a (001) substrate afitl2} facets a probe bias oft16 V over an 8x 8 um? area followed by
on a (111) substrate. These observations were valid for thea scan at a bias of-16 V over a 6x 6 um? area. The
growth temperatures in the range of 55000 °C, and film observed PFM images (Figure 4d) indicate that the perpen-
growth rates of 0.58 nm/min. Higher growth rates or lower dicular component of polarization can be switched between
growth temperatures led to the formation of nonequilibrium two stable states (bright and dark contrast inside and outside
structures (i.e., a metastable supersaturated perovskite phasaf the square region). The perpendicular converse piezo-
were observed). The growth limited by kinetics is consistent electric coefficientdss, versus applied voltage hysteresis loop
with our earlier studies on the BaTi©CoFeO, nanostruc- of the BiFeQ matrix is plotted in Figure 4e. Figure 5 shows
tures. CoFgD, forms circular-shaped columnar structures in the magnetic and ferroelectric properties of the BiFeO
a BaTiQ; matrix'! or a metastable supersaturated perovskite CoFeO, nanostructures grown on a (111)-oriented SgTiO
single phase at lower temperature. At temperatures abovesubstrate with a SrRuottom electrode. Parts a and b of
950 °C, rectangular-shaped Cofer pillars start to form. Figure 5 are the out-of-plane (perpendicular component) and

1404 Nano Lett., Vol. 6, No. 7, 2006



| —=—0O 1tatpEe
—s—npEe

10 20

15-10 5 0 5 10 15
U )

Figure 4. Magnetic and ferroelectric properties of the Bire@oFegO, nanostructures grown on a (001) Sr§i€ubstrate with a SIRuO
bottom electrode. (a and b)» 4 um? MFM images scanned after the sample was magnetized in a fietd2@f kOe (a) and-20 kOe (b).
(c) Out-of-plane (red) and in-plane (black) magnetic hysteresis loops corresponding to th©QukRars. (d) Perpendicular piezoelectric
force microscopy image (& 8 um?) taken after poling the film at-16 V (dark frame) and-16 V (white frame). (e) Thelss vs applied

voltage hysteresis loop of the BiFg@atrix.
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Figure 5. Magnetic and ferroelectric properties of the BiRe@oFeO, nanostructures grown on a (111) SrEi€ubstrate with a SrRuO

bottom electrode. (a and b) Out-of-plane (perpendicular component, a) and in-plane (parallel component, b) PFM images at an applied
electrical bias of~12 V. (c and d) PFM images [out-of-plane (c), in-plane (d)] after the film was poledlatV (the frame outside) and

+12 V (the square inside). All of the images arex33 um?. (e) Theds; vs applied voltage hysteresis loop of a single Big@dlar. (f)
Out-of-plane (red) and in-plane (black) magnetic hysteresis loops corresponding to th@®LCmkegrix.

in-plane (parallel component) PFM images by an applied was switched at an applied electrical bias+ef2 V. The
electrical bias of—12 V over a 3x 3 um? area. The square regions in Figure 5c and d are the piezoelectric
ferroelectric polarization direction in the single Bikggtillars responses at a bias 6f12 V over a 2x 2 um? area. The
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ds3 versus applied voltage hysteresis loop of a single BFeO ogy devices and other useful applications. Although self-
pillar is plotted in Figure 5e. Because no top electrode was assembly of multicomponent oxide nanostructures is a
used during this measurement and because of the facetegiromising area for future exploration, the proposed strategy
nature of pillars, a precise quantitative determinationlgf to control the morphology of two-phase nanostructures is
is not feasible. The magnetic M versus H hysteresis loops expected to be applied to nonoxide systems as well.

in Figure 5f correspond to the Cof® matrix.

The magnetoelectric coupling in BiFe©CoFeO, nano- Acknovv_ledgme_nt. We acknowledge Prof. A. Roytburd,
structures grown on (001) SrTiGubstrates has been studied Dr- |- Levin, T. Li, M. Jhon, and Prof. D. C. Chrzan for
previously. For example, we observe that the magnetization USéful discussions. This project is supported by ONR MURI
of CoFeO, nanopillars can be switched by applying an Under contract no. E-21-6RU-G4 and LBNL-LDRD. We also
electric field to the BiFe@matrix2 The details of these ~ @cknowledge support of the National Center for Electron
coupling studies are being studied at the present time. A Microscopy, Lawrence Berkeley Lab, which is supported by
similar approach has been used on the nanostructures growt€ U-S. Department of Energy under contract no. DE-AC02-
on (111) substrates. Our preliminary results show no 05CH11231.

significant switching of the ferroelectric polarization upon . . . ] .
the application of a magnetic field to the CoBe matrix. Supporting Information Available: Cross-sectional mor-

This is likely due to the fact that the strain energy that is phologies of the BiFeg}COFQO“ nanostru_ctures grown on
needed to switch the ferroelectric polarization of BibeO (001)- and (111)-or|ented Substrates. This material is avall-
nanopillars is about 2 orders of magnitude higher than the able free of charge via the Internet at http://pubs.acs.org.

magnetoelastic energy that is available from switching the
CoFeO, matrix; detailed studies are underway to explore (1) Kiok § .

; ; ; 1) Klok, H. A.; Lecommandoux, SAdv. Mater.2001, 13, 1217-1229.
this further. I—_iowever_, we believe that_ a _smaI_I signal (2) Ledentsov. N. N.: Ustinov, V. M. Shchukin, V. A.: Kop'ev. P. S.:
magnetoelectric coupling should be possible in this system Alferov, Z. I.; Bimberg, D.Semiconductor¢99§ 32, 343-365.

as well; these measurements are in progress. (3) Teichert, CPhys. Rep2002 365 335-432.
(4) Brune, H.; Giovannini, M.; Bromann, K.; Kern, iature1998 394,
In summary, we have demonstrated that the substrate 451-453.

orientation can be used to control the morphology of two-  (5) Ravishankar, N.; Shenoy, V. B.; Carter, C./Rlv. Mater.2004 16,

P i 76-80.
phase nanostructures. This is confirmed by the growth of (6) Vayssieres, LAdy. Mater. 2003 15, 464-466.
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