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he past few years have witnessed a

renaissance of research interests in

magnetoelectric multiferroics, a fam-
ily of materials that display both electric
and magnetic order simultaneously.' 8 Mul-
tiferroics are not only promising for multi-
functional devices in which a single element
performs multiple tasks, but also bring
about a completely new device paradigm
via the mutual coupling between their dual
order parameters, for example, for magne-
toelectric sensors or data storage.” The re-
surgence in multiferroic research has led to
numerous breakthroughs that pave the way
to applications of these materials.” How-
ever, the application of single phase multi-
ferroics (“intrinsic multiferroics”) is still very
limited as none of them displays reasonably
large electrical and magnetic polarization si-
multaneously at room temperature. An al-
ternative approach is to construct compos-
ite materials, for example, laminate
multilayers and other three-dimensional
composites,’~ 2 which have reached mag-
netoelectric coupling coefficients three to
five orders larger than those of intrinsic
multiferroics and thus are approaching the
threshold of technical applications. Special
attention should be paid to the discovery of
a self-organized columnar composite such
as BaTiO;—CoFe,0,, CoFe,0,—BiFeOs, or
CoFe,0,—PbTiO3,'27 "% in which the segre-
gation of two immiscible components has
led to a self-assembled nanopillar and ma-
trix structure. Such composites can achieve
larger magnetoelectric coupling at room
temperature than most single-phase multi-
ferroics and even allow switching of the
magnetization by an electric field. The mag-
netoelectric properties of these composites
are related to the strain transferred from the
phase boundaries and, thus, are critically
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ABSTRACT A nanofabrication technique combining pulsed laser deposition and a nanoporous anodic

aluminum oxide membrane mask is being proposed to prepare various types of multiferroic nanocomposites, viz.

periodically ordered CoFe,0, dots covered by a continuous Ph(Zr,Ti)0; layer, Ph(Zr,Ti)0; dots covered with CoFe,0,,

and Pb(Zr,Ti)0s/CoFe,0, bilayer heterostructure dots. By properly tuning the processing parameters, epitaxial

nanodot-matrix composites can be obtained. For the composite consisting of CoFe,0, nanostructures covered by

a Pb(Zr,Ti)0; film, an unexpected out-of-plane magnetic easy axis induced by the top Ph(Zr,Ti)0; layer and a

uniform microdomain structure can be observed. The nanocomposites tested by piezoresponse force microscopy

(PFM) exhibit strong piezoelectric signals, and they also display magnetoelectric coupling revealed by magnetic-

field dependent capacitance measurement.

KEYWORDS: multiferroics - AAO template - nanodot array - magnetoelectric

coupling - nanocomposite

dependent on their geometry on the nano-
scale. For instance, a relatively simple stain
field distribution may be favorable for de-
veloping a good coupling. Therefore, it is of
great interest to explore composites with
simpler strain field by creating various pre-
designed structures as a strategy for search-
ing for new candidates with promising
properties. In spite of various efforts at-
tempting to tailor the structure and proper-
ties of these composites,’>~ ' control and
design of such heterostructures still remain
a challenge.

In this work, a process that combines
pulsed laser deposition (PLD) and an ul-
trathin nanoporous anodic aluminum ox-
ide (AAO) membrane as stencil mask has
been applied to fabricate regularly arranged
CoFe,04—PbZry,Tigg03 (CFO-PZT) nano-
composites of various combinations, viz. pe-
riodically ordered nanodot arrays of one
type of material embedded into a matrix of
a continuous film of another material or bi-
layered heterostructure dots. CFO is chosen
for its good magnetic properties and low
conductivity, and especially for its large
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Figure 1. (a) Schematic flowcharts of the fabrication procedure of periodical nanodot structures: (i) transfer of the AAO
membrane mask to the SRO/STO substrate, (ii) deposition of the material (CFO or PZT) through the mask, (iii) removal of
the mask, obtaining the nanodot structures. (b) Schematic illustration of the dot-matrix (continuous film) structure of the
two components (PZT, red; CFO, blue): CFO (dot)-PZT (matrix) dot-matrix nanostructure (i); PZT (dot)-CFO (matrix) structure
(ii); heterostructured PZT-CFO nanodot array (iii); complex three-dimensional multiple layers of dot-matrix structures of PZT

(dot)-CFO (matrix) or CFO (dot)-PZT (matrix) (iv).

magnetorestriction, and has been widely used to con-
struct composite multiferroics. PZT, with the chosen
composition, exhibits excellent ferroelectric and piezo-
electric properties with square hysteresis loops, and due
to our experience, it is possible to achieve defect-free
structures with uniform ferroelectric domains within
this material. The attempt to combine the above two
components in regular arrays may lead to a new family
of composite materials with novel physical properties
and enable the nanometer-scale tailoring of such struc-
tures and their properties in a controlled manner.

RESULTS AND DISCUSSION

Microstructures of Various Types of Dot-Matrix Composites.
The dot-matrix composite nanostructures are fabri-
cated using a combination of PLD and AAO mask in-
volving two major steps: the preparation of the or-
dered nanodot array and the deposition of a
continuous film to form various matrix structures as
schematically illustrated in Figure 1. The details of
the fabrication procedure of periodically ordered
nanodot arrays can be found in Experimental Meth-
ods as well as in previous reports.’" ' In brief, it in-
volves three steps, as illustrated in Figure 1a: AAO
mask transfer (i), materials deposition by PLD (ii), and
removal of mask. After the fabrication of the nan-
odots, another constituent in form of dots or a film
was deposited again by PLD to form nanocompos-
ites, according to the predesigned structures. The
substrates used here are (100)-oriented SrTiOs3 (STO)
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or MgO substrates coated with a conducting Sr-
RuOs (SRO) layer as bottom electrode for electric
characterization. An example of a mask used in this
work is shown in the Supporting Information, Figure
S1a, and the periodical dot array after removal of
the mask is illustrated in Figure S1b. We are demon-
strating here the concepts of different types of dot-
matrix structures in Figure 1b, viz. CFO dots covered
by PZT (i), PZT dots covered by CFO (ii), and bilay-
ered dot arrays (iii), as well as more complex mul-
tiple dot-matrix structures with both components
(iv), by depositing PZT and CFO through pulsed la-
ser deposition according to the respective prede-
signed structure. It is worth noting that the matrix
films on top of the dots do not show flat top sur-
faces, as expected, instead there remains a certain
extent of periodicity of the underneath nanostruc-
tures, which will be further addressed below.

The AAO masks used here include almost periodi-
cally ordered circularly shaped holes, which are well-
ordered over distances of a few micrometers. Really
perfectly ordered AAO membranes with long-range
ordered nanodot arrays could also be achieved by
incorporation of a preimprint process, allowing for
the fabrication of perfectly ordered structures.’ 2!
This technique also enables further adjusting the pe-
riodical structures, e.g., the dot sizes and interdot
distances. By varying hole size and periodicity of the
AAO template, the lateral size of the nanodot array
can be varied from 30 to 300 nm with an interdot

Wwww.acsnano.org
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Figure 2. SEM and AFM images for the three types of multiferroic composites on (100)-orientated SRO/STO substrates: CFO
dots covered by a continuous layer of PZT (a,d); PZT dots covered by a continuous layer of CFO (b,e); heterostructured bi-
layer nanodot array of CFO/PZT (c,f). The inserts below the images show the corresponding schematic diagrams of geomet-
ric configurations for the predesigned composites.

distance ranging from 60 to 500 nm.'8?223 |n com- posites (dot size, dot density, periodicity, pattern
parison to the self-assembly nanodot-matrix struc- symmetry, etc.) as well as the physical properties in
tures developed by Zheng et al.,'*' the present a controlled manner as a method of nanostructure

method gives a large freedom in tailoring the com-  engineering.

F200 nm 4

Figure 3. (a) Cross-section SEM image of the PZT dots covered by a continuous CFO film (the sample was prepared by FIB).
(b,c) Cross-section TEM image of the CFO dot array covered by a PZT film (the TEM sample was prepared by a conventional
mechanical thinning and ion milling process), viz. low resolution TEM bright field image (b) and the corresponding chemi-
cal compositional mapping (c). (d—f) HRTEM images of the same sample as (b) at three different magnifications. The inset in
(d) is the fast Fourier transform pattern (FFT).
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Figure 4. XRD diffraction pattern for the epitaxial CFO nanodot array (diameter: ~290 nm, height: ~70 nm) covered by a
layer of PZT (50 nm thick) obtained at a high deposition temperature of 500 °C and an oxygen pressure of 0.05 mbar: 6—260
scan (a), and ®-scan (b) of the CFO (110) peak, indicating a cube-on-cube growth of CFO on SRO. Reciprocal space map-
ping (c) around the STO (204) reflection further confirms the epitaxial growth of CFO.

By using different combinations of AAO template
and deposited materials, we are able to obtain various
nanodot (core) and continuous film (matrix) compos-
ites. Three examples of these predesigned composites
are shown by SEM and AFM images in Figure 2: (a,d) a
CFO dot array covered with a continuous PZT film (CFO
(dot)/PZT (film)); (b,e) PZT dots covered with a CFO
film (PZT (dot)/CFO (film)); and (c,f) CFO-PZT hetero-
structured bilayer dots. As shown in Figure 1a,b, the as-
prepared composites exhibit ordered morphologies of
nanodot arrays similar to those of the underneath dots.
The above dot-film composites show a periodically or-
dered structure with a lateral size of ~50 nm and inter-
dot distance of ~100 nm. For the bilayer PZT/CFO dots
(Figure 2¢f), well-defined periodically ordered nan-
odots are observed, and the dot height can reach as
much as 100 nm derived from the depth profile of the
AFM surface image (Figure S2c). From the top-view and
tilted SEM images, the CFO capping layer displays a
cone-like structure (Figures S2a,b), probably due to the
gradual shrinkage of the hole size during deposition.

Cross-section samples of the as-prepared nanocom-
posites were studied by SEM and (S)TEM. Figure 3a
shows an SEM image of part of a PZT (dot)/CFO (film)
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composite. From this image, one can easily identify
the embedded dot-film matrix structure in which the
PZT dots show cone-like shapes and are nearly uni-
formly covered by a continuous CFO layer, giving rise
to a periodical morphology on its top surface. Figure 3b
is a cross-section image obtained from a CFO (dot)/
PZT (film) composite with lateral dot size of ~300 nm.
The CFO dots were deposited at an oxygen pressure of
0.05 mbar and a temperature of 500 °C to ensure their
epitaxial growth, and the PZT layer was deposited at an
oxygen pressure of 0.2 mbar and a temperature of 575
°C. From the bright field image, we are able to identify
the contrast between the different layers, viz. SRO layer,
CFO dot, and PZT layer. To evaluate the compositional
distribution and look for potential interfacial diffusion,
EDX compositional mapping was performed. As shown
in Figure 3c, the chemical distribution map shows the
different layers consistent with the predesign of the
structures, viz. CFO dot and PZT layer. The distribution
of the individual elements is also shown in the Support-
ing Information, Figure S3a, in which the elements are
well confined to their respective structure. The lattice
structure was examined by HRTEM at different magnifi-
cations, as shown in Figure 3d—f. The individual layers
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Figure 5. Hysteresis loops for the CFO nanodot array on SRO electrode, covered by a layer of PZT, with an average

dot diameter of ~300 nm and dot height of ~70 nm, measured by SQUID at magnetic field along both in-plane and
perpendicular directions, at room temperature (a) and at 10 K (b). MFM images for the nanodot array at remanence
state that have been premagnetized by a field (H) along perpendicular direction (c) and by a reverse field (—H) along

the opposite direction (d).

of SRO, PZT, and CFO show different contrasts, and epi-
taxial growth is demonstrated by the fast Fourier trans-
form (FFT) inserted in Figure 3d. A lattice image of a re-
gion close to the CFO/PZT interface is shown in Figure
3f, indicating the formation of a well-established crystal
lattice.

Epitaxial Structure for a CFO (Dot)/PZT (Film) Composite. The
structure of the CFO (dot)/PZT (film) composite was fur-
ther examined by X-ray diffraction, as shown in Figure
4. As visible in the 6—26 scan plotted in Figure 4a, the
diffraction peaks from CFO (004) and (008) and PZT
(001), (002), (003), (004) can be well indentified among
other peaks from the substrate, such as STO K-, K3, and
W_-related peaks. No impurities, foreign phases, or ori-
entations other than the c-axis orientation can be
found. The epitaxial relation was further verified by a
®-scan (Figure 4b), using the (110) diffraction spot, in
which four sharp peaks can be found in both the PZT
and the CFO diffraction patterns, indicating a well-
established cube-on-cube epitaxial growth of both the
dots and the film on the STO substrate. A reciprocal
space map (RSM) of the CFO/PZT structure close to the
STO (204) diffraction peak (along gjand g,) is shown in
Figure 4c, where g and g, are the reciprocal coordi-
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nates with a reciprocal lattice unit (r.l.u.) of \/2d, where
\ is the X-ray wavelength and d is the lattice plane spac-
ing. The RSM displays weak CFO and PZT diffraction
spots along with other strong diffractions from the STO
substrate. PZT shows only a single spot corresponding
to the c-axis-oriented domains (“c-domains”); no detect-
able traces of a-domains can be found. The diffraction
spot from CFO is rather weak and diffuse along the
x-axis, indicating a considerable extent of lattice strain
relaxation along the g-axis.

Magnetic Properties. In this work, our main focus is to
show that the combined PLD and AAO template mask
technique is an effective way to create various ferro-
electric/magnet structures and that the latter can pos-
sess multiferroic properties. The functional properties of
one example (CFO (dot)/PZT (film)) will be shown ex-
plicitely, whereas a systematic investigation of the
properties of the structures of other types will be car-
ried out in future work. The magnetic properties of the
CFO (dot)/PZT (film) composite were studied by super-
conducting quantum interference device (SQUID) mag-
netometry and magnetic force microscopy (MFM), see
Figure 5. At room temperature, the isothermal magne-
tization shows well-established magnetization hyster-
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Figure 6. Piezoelectric force microscopy measurement of CFO dots covered by a PZT film: morphology (a), amplitude im-
age for PFM response along the vertical direction (b), phase image for PFM response along the vertical direction (c), and d3;
hysteresis loop (d). In the middle of the scanned area, a reverse voltage (—5 V) was applied leading to the contrast change

in both amplitude and phase images.

esis loops (Figure 5a). Rounding of the curves leads to
remanent magnetization values much smaller than the
saturation magnetization due to the demagnetization
process. It is not straightforward to deduct the easy-axis
direction from these measurements. One might obtain
one hint from the values of the coercive field: because
this is larger in the perpendicular direction, one might,
within a Stoner—Wohlfarth model,?* argue that the
magnetic easy axis is along the surface normal. This is
corroborated by the MFM scans shown in Figure 5¢,d,
which indeed show a remanent switchable magnetic
moment along the surface normal after magnetizing
the sample in a large magnetic field either in the up or
down direction. Further, the CFO dots appear to be in a
single domain state.

The magnetic anisotropy in the CFO (dot)/PZT (film)
composite is significantly different from that of both
single layer CFO films and freestanding CFO dots.
Whereas CFO films on SrRuOs-buffered SrTiOs5 sub-
strates show a stronger in-plane anisotropy,? bare CFO
dots (see Figure S4b) do not show any distinctive uniax-
ial magnetic anisotropy (note that no shearing correc-
tion has been applied in Figure S4b). Cobalt ferrite films
under tensile strain develop a perpendicular-to-plane
easy axis due to the magnetoelastic coupling energy
and a negative magnetostriction coefficient \;g0,%°

AN 17 . .
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whereas the same mechanism leads to an in-plane
easy axis under compressive strain.?> However, the re-
sults in ref 25 further show that these magnetoelastic
energy considerations that depend on the assumption
of a homogeneous strain distribution can lead to wrong
predictions and that the actual growth morphology
and strain distribution has to be taken into account.
For an accurate prediction of the easy axis direction of
the CFO (dot)/PZT (film) composite, one would have to
take into account the three-dimensional strain distribu-
tion in the dots, which is beyond the scope of this pa-
per. In our case, the out-of-plane magnetization can
also be correlated to an additional stress field built up
by the PZT layer. The mechanism for such a substantial
increase of stress is still not very clear; it may be attrib-
uted to either lattice mismatch strain along the dot-
matrix interface or to thermal expansion differences.

At low temperatures, as shown in Figure 5b for 10
K, a double transition develops in the magnetization
hysteresis curves due to the ferromagnetism in the Sr-
RuO; buffer layer. Magnetization sweeps vs. tempera-
ture curves presented in Figure S4a show a broad ferro-
magnetic transition of the SrRuO; layers below 145 K.
The buffer layer was probably slightly deoxygenated
due to the growth of the cobalt ferrite dots at the com-
paratively low pressure of 0.05 mbar.

Wwww.acsnano.org
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Figure 7. Measurement of the room-temperature magneto-capacitance for the CFO dots covered by a PZT layer. (a) Sche-
matic diagram of the capacitor structure used for electrical measurements; (b) polarization hysteresis loop for a capacitor;
and (c) capacitance as a function of magnetic field showing an apparent field dependence of the capacitance change. For
comparison, the magneto-capacitance of a PZT film without CFO dots is also shown.

Ferroelectric Properties. The electromechanical proper-
ties of these nanoarray composites were further tested
by piezoelectric force microscopic (PFM) studies, as
shown in Figure 6, where out-of-plane piezoelectric re-
sponse was observed. In the phase image, a rather uni-
form polarization could be observed for the as-
deposited composite. After applying a reverse voltage
of —5V, the polarization could be well switched into
the reverse direction, as indicated by the change of
phase contrast in the polarized area. Polarization
switching was further confirmed by a piezoelectric hys-
teresis loop, which is rather square, although it exhib-
its some extent of imprint indicated by a horizontal
shift. It is also noted that the piezeoelectric signal di-
rectly above a CFO dot is slightly weaker than in the sur-
rounding areas, which can be due to the field drop
across the CFO dots.

Magnetoelectric Coupling. Finally, initial tests of the mag-
netoelectric (ME) coupling of the composites were per-
formed at room temperature by help of a capacitance
structure with Au as top electrodes, as schematically
shown in Figure 7a. A typical macroscopic P-E hyster-
esis loop of the CFO (dot)/PZT (film) composite is shown
in Figure 7b, displaying a rather large polarization of
about 20 n.C/cm?, although the loop is somewhat leaky
and indicates a high polarization relaxation. The ME ef-
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fect was tested by measuring the change of capaci-
tance as a function of external magnetic field. The ca-
pacitance exhibits a magnetic field-dependent
behavior as show in Figure 7c. Although the induced ca-
pacitance is rather small (around 0.03% at 1 T), such
field-dependent behavior is repeatable over several
tests. To exclude any parasite effects from artifacts, a
similar test was performed on a pure PZT film on SRO
with the same testing parameters, and no detectable
field-induced capacitance change was found. The ori-
gin of the magneto-capacitance is still not clear. It is
likely due to the combination of magnetoelastic and pi-
ezoelectric effects through strain mediation.'® ' In ad-
dition, interface conductivity, e.g., Maxwell—Wagner ef-
fects, may also contribute to the induced
capacitance.?’28 Further studies are needed to under-
stand the mechanism. In this work, the testing fre-
quency of the magnetocapacitance measurement is
100 kHz, which is far beyond the space charge activa-
tion frequency. The observed magnetoelectric coupling
is, thus, more likely a result of the strain field transfer be-
tween different phases.

The above results indicate that the present method
is capable of fabricating multiferroic composites with
long-range order and well-designed structures. By fur-
ther improving the quality of the individual compo-
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nents or a better design of the geometric configura-
tions, it should be possible to further enhance the
magnetoelectric coupling through a nanoscale engi-
neering of the chemical and interfacial coupling.

CONCLUSION

In summary, a family of artificially designed multifer-
roic nanocomposites was successfully fabricated by us-
ing PLD and AAO templates. The presented method en-

EXPERIMENTAL METHODS

Fabrication Procedures for the Dot-Matrix Composites. The details of
the fabrication procedure of periodically ordered nanodot ar-
rays are illustrated in the schematic flowchart in Figure 1a. A con-
ducting layer of SrRuO; was predeposited on the (100)-oriented
SrTiOs (STO) or MgO substrates by pulsed laser deposition. An ul-
trathin AAO membrane with predefined, variable size of the
holes was then transferred onto the substrate in a liquid environ-
ment. The membrane mask with self-organized periodically or-
dered pores had been prepared by an electrochemical anodiz-
ing technique, which has been described elsewhere.'”~2° The
CFO material was deposited by PLD in an ambient pressure
range from 107 bar to 0.05 mbar and at elevated temperatures
ranging from 200 to 550 °C. Subsequently, the AAO mask was
mechanically removed and thus an ordered dot array attached
to the substrate was obtained. Finally, another constituent in
form of dots or a film was deposited by PLD to form a nanocom-
posite, and the above procedure can be repeated to form more
complex structures. Figure S1a is an example of a mask used in
this work, and Figure S1b illustrates the periodical dot array after
removal of the mask.

Characterizations of Structure and Properties. The crystal structure
was characterized by X-ray diffraction using a Philips X'Pert MRD
diffractometer with CuKa (\ = 1.54 A) radiation. Magnetic prop-
erties were characterized by a superconducting quantum inter-
ference device (SQUID) magnetometer and a magnetic force mi-
croscope (MFM; SPM, DI 5000), which can also be used to record
images of the surface morphology. Scanning electron micros-
copy (SEM) images were obtained by a JEOL JSM-6700F micro-
scope. Transmission electron microscopy (TEM) investigations
were conducted by a Philips CM20T (Philips, Netherlands) at a
voltage of 200 kV and a HRTEM JEOL 4010 (JEOL, Japan) at 400
kV. Energy-dispersive X-ray analysis (EDX) maps were recorded in
a scanning transmission electron microscope (STEM) of type Phil-
ips CM20FEG equipped with a field-emission gun, working at
200 kV. The samples for TEM were thinned either using mechan-
ical and ion-beam based standard methods or using a dual-
type focused ion beam (FIB) equipment of type FEI Nova 600
NanoLab. P-E hysteresis loops were measured by a TF Analyzer
(aixACCT2000), and the magneto-capacitance measurement was
performed by a HP4194 Impedance Analyzer that is connected
to a low temperature cryogenic probe system equipped with a
horizontal superconductor DC magnetic field (TTP-4-2, Lake-
shore). Piezoelectric force microscopic (PFM) images were ob-
tained by a commercially available atomic force microscope
(AFM; TM Microscopes, AutoProbe CP Research) equipped with
a lock-in amplifier (DSP7260, Signal Recovery) and a Ptlrs-coated
conducting AFM tip (ATEC-EFM, Nanosensors) as also described
elsewhere.??
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ables the fabrication of three-dimensional composites
with predesigned geometric structure. By carefully con-
trolling the deposition parameters, epitaxially grown
composites can be obtained. The nanocomposites pos-
sess both electrical and magnetic properties with an ap-
parent enhancement in out-of-plane anisotropy in-
duced by the top PZT layer and also show a
magnetoelectric coupling revealed by magnetocapaci-
tance measurements.

Supporting Information Available: Description of the detailed
experimental procedures, and supplemental figures showing
the AFM topology, EDX compositional maps, and magnetic prop-
erties of the nanostructured composites. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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