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Highly uniform bilayered perovskite-spinel hybrid nanostructures were deposited on glass and
LaNiO3-buffered (100) silicon substrates at almost-ambient temperatures via the liquid-phase
deposition (LPD) method. Field-emission scanning electron microscopy (FE-SEM) and atomic
force microscopy (AFM) evidenced that the perovskite and spinel layers are constructed by arrays
of densely packed nanoparticles with uniform sizes. The bilayered nanocomposites exhibit both
piezoelectricity and ferrimagnetism at room temperature. The value of the static piezoelectric
coefficient of the PbTiO3 (PTO) film was 14.1 pm/V, whereas the values of the saturation magne-
tization were 234.4 and 223.2 emu/cm3 for the PbTiO3-Co0.32Fe2.68O4 (CFO) and PbTiO3-
Ni0.66Fe2.34O4 (NFO), respectively. The coercivity of the nanocomposite decreased by 12.11% for
the PTO-CFO, whereas, for the PTO-NFO, it increased by 20%, with respect to the coercivity
values of the pristine ferrite films, which is the result of amagnetoelectric coupling between the two
dissimilar layers in the nanocomposite. Additional evidence about a stress-induced magneto-
electric coupling in these bilayered structures was provided by Raman spectroscopy, which showed
that, under a magnetic field, the vibrational modes of the nanocomposite are altered by the
deformation of the top ferrite layer. In turn, this will generate a stress at the shared interface, thereby
leading to a shift toward higher wavenumbers of the Raman bands of both the perovskite and spinel
phases.

1. Introduction

Recent advances in miniaturization in electronics and
computing generated a surge of interest in magnetoelec-
tric (ME) ceramic nanocomposites, because they exhibit
a strong room-temperature ME effect that can be poten-
tially used in various applications in magnetic data sto-
rage, spintronics, and sensing.1 ME nanocomposites are
hybrid architectures that consist of a ferromagnetic and
a ferroelectric phase, coupled together by a strain. Upon
application of an electric field, the ferroelectric phase,
which has electrostrictive properties, will respond to the
external stimulus by changing its physical dimensions.
Therefore, the induced stress is transmitted to the mag-
netostrictive phase through the shared interface, even-
tually leading to a change in its magnetization. Among
the most studied magnetoelectric nanocomposites are
those obtained by combining a ferromagnetic/ferrimag-
netic spinel (MFe2O4) with a ferroelectric perovskite
(ABO3). This is because both spinels and perovskites have
high chemical, thermal, and mechanical stabilities and

form a limited number of secondary phases when mixed
together. One of the possible geometries in which these
phases can be assembled is a horizontal multilayered
structure consisting of alternate layers of a spinel and a
perovskite material. When the oxide phases are single
crystalline, their growth during the formation of hybrid
architectures takes place epitaxially, as a result of the com-
mensurability of their lattice (lattice mismatch of <5%),
thereby leading to strong interfacial coupling between the
spinel and perovskite phases. Last, but not least, interfac-
ing a ferroelectric with a ferromagnetic material in a
planar geometry will greatly simplify the chip integration
required for miniaturization of electronics and will mini-
mize the leakage currents, because of the high resistivity
of the ferrites, preventing the composites from electric
breakdown during the poling process. Thus, perovskite-
spinel nanocomposite layered structures are very attrac-
tive for the design of many functional devices including
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controlled phase shifters, transducers, reading/writing
devices in magnetic data storage, spin transistors, broad-
band magnetic field sensors, magnetoelectric memory
cells, and magnetically controlled electro-optic or pie-
zoelectric devices.2 Multilayered MFe2O4-ABO3 nano
structures have been fabricated almost exclusively via
physical methods, including pulsed-laser deposition
(PLD),3 laser molecular beam epitaxy (LMBE),4 or radio
frequency (rf) sputtering.5Although these techniques yield
highly uniform, epitaxial films, they are restricted to
surfaces with simple morphologies and require highly
pure targets and expensive equipment. Fontcuberta and
co-workers have grown nanocomposite films with the
nominal composition 0.35CoFe2O4-0.65BaTiO3 onto
(001) Nb-doped SrTiO3 single crystals via rf sputtering.
They observed a decrease in the dielectric losses as the
thickness of the films decreased and as the synthesis
temperature increased from 750 �C to 850 �C.6 Srinivasan
and co-workers have fabricated laminate structures using
the so-called “tape casting technique”,7 whereas Hao and
co-workers prepared 40-, 60-, 80-, and 100-nm-thick
CoFe2O4 films deposited onto 100-nm-thick BaTiO3 via
molecular beam epitaxy.8

Solution-based approaches are very attractive for the
design of perovskite-spinelmagnetoelectric nanocompos-
ites, because they allow mixing of the precursors at the
atomic scale, which can potentially enhance the coupling
between the two phases. Also, they use relatively low
processing temperatures, which can significantly reduce
the diffusion pathways of the molecular species, thereby
preventing the formation of unwanted, secondary phases.
Despite these advantages, chemical methods have been
rarely used in the fabrication of magnetoelectric multi-
layers. Recently, Jia and co-workers prepared self-
assembled epitaxial BaTiO3-NiFe2O4 thin-film nano-
composites via a spin-coating process, using solutions
of the metal precursors mixed with ethylenediaminete-
traacetic acid (EDTA) and polyethyleneimine, followed
by a heat treatment at 950 �C.9 A simple, environmentally
benign, highly efficient and easily scalable chemical de-
position method yielding highly uniformmetal oxide thin
films is the so-called “liquid-phase deposition” (LPD).

This approach exploits the slow hydrolysis of super-
saturated solutions of metal fluoro-complexes at low
temperature, whereby the F- ions in the inner coordina-
tion sphere of the metal are progressively replaced by
OH- ions and/or water molecules.

MFn
ðn- 2mÞ-þmH2O h MOm þ nF-þ 2mHþ ð1Þ

H3BO3þ 4HF h BF4
- þH3O

þþ 2H2O ð2Þ

The hydrolysis reaction can be shifted to the right side
upon the addition of a fluoride scavenger such as H3BO3,
which forms water-soluble complexes with the F- ions.
Initially developed for the deposition of binary oxides,
such asTiO2,

10 SiO2,
11 ZrO2,

12 SnO2,
13Fe2O3,

14 andNiO,15

the LPD method was rapidly extended to the deposition
of complex oxides, such as perovskite titanates ABO3

(A=Ba, Sr, and Pb).16 Recently, our group has success-
fully used this methodology for the deposition of highly
uniform transition-metal ferrite films with tunable chemi-
cal composition and controllablemagnetic properties.17 In
thiswork,wedescribe analternative soft-solution route for
the fabrication of layered magnetoelectric nanostructures
using the LPDmethod. The synthesis and characterization
of two types of bilayered structures consisting of PbTiO3

as the ferroelectric phase and a hard (cobalt ferrite)/soft
(nickel ferrite) transition-metal ferrite as the magnetostric-
tive materials are presented to exemplify the generality of
this approach. However, because of its simplicity, this
method can be virtually used for the design of any combi-
nation of perovskite-type titanate and transition-metal
ferrite in a layered geometry, whereby the number of layers
and their thickness can be easily controlled upon properly
adjusting the number of deposition steps and the deposi-
tion time, respectively.

2. Experimental Section

2.1. Chemical Deposition of Metal Oxide Thin Films. All

experiments were performed in an open atmosphere, using a

magnetic hot plate (IKA Works, Inc.) that was equipped with

a temperature controller and a pH electrode. PbTiO3 and

MFe2O4 (M=Co,Ni) thin films were deposited from treatment

solutions prepared by dissolving reagent-grade-purity chemicals

(Alfa Aesar) in deionized water (18 MΩ) obtained from a

BarnsteadNanopurewater purification system. Both perovskite

and spinel thin films were deposited on highly doped (100)
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silicon wafers with a resistivity of 0.05 Ω cm and commercial

nonalkali glass plates (Corning No. 7059). Since the glass melts

at temperatures above 600 �C, only the perovskite films deposi-

ted on silicon were annealed at 750 �C. Prior to deposition, the

substrates were cleaned with a mixture of acetone and ethanol

(50:50 w/w) and blow-dried with compressed argon. A 200-nm

LaNiO3 bottom electrode was spin-coated on the Si substrates,

using a 0.4 M solution of La(NO3)3 and Ni(ac)2 dissolved in

ethanol, according to a procedure similar to that proposed by

Meng et al.18 Theprecursor solutionwas spin-coated at 3500 rpm

for 30 s, and the resulting films were dried at 150 �C for 2 h, to

allow removal of the solvent, and subsequently at 700 �C for 2 h in

anopen atmosphere. In addition to serving as a bottom electrode,

the LaNiO3 buffer layer can substantially minimize the clamping

effect exerted by the substrate, ultimately leading to the enhance-

ment of the ME effect.19

(a). Deposition of PbTiO3 Thin Films. The deposition of

perovskite films was performed by adapting the experimental

procedure proposed by Hsu and co-workers.20 In a typical

experiment, three individual solutions containing 1 mmol of

Ba(NO3)2 or Pb(NO3)2, 1 mmol of (NH4)2TiF6, and 3 mmol of

H3BO3 were mixed together, and water was added to a final

volume of 100 mL. Deposition of the PbTiO3 (PTO) thin films

was performed in treatment solutions whose initial pH varied

between 5.2 and 5.6, depending on the pH of the deionized

water and decreased slowly to 4.1-4.7 after the deposition of

the films. High-quality nanoparticle-based perovskite thin films

with variable thicknesses were obtained by soaking the sub-

strates in the treatment solution at 45 �C for a period of time,

typically varying between 1 h and 4 h. After the deposition, the

substrates were removed, rinsed and cleaned ultrasonically with

distilled water, dried with a N2 flow, and heat-treated at 750 �C
in an open atmosphere for 3 h, followed by natural cooling to

room temperature.

(b). Deposition ofMFe2O4 (M=Co, Ni)Thin Films.The iron

source used in the deposition of the MFe2O4 thin films was a

solution obtained by dissolving 0.25 g of FeO(OH) in 50 mL of

1 M NH4F 3HF aqueous solution. FeOOH was obtained by

precipitating an aqueous solution of Fe(NO3)3 3 7H2O with a

diluted solution of ammonia. The solid product was subse-

quently filtered, washed, and dried at room temperature in

an open atmosphere, to ensure the oxidation of the Fe2þ ions.

A volume of 10 mL of the iron-containing solution was mixed

with 40 mL of 0.5 M H3BO3 and 3 mL of 2.2 M Co(NO3)2 or

Ni(NO3)2 with the formation of the treatment solution. Sub-

strates were suspended vertically and kept in the treatment

solution at 45 �C for 4 h for the CoFe2O4 (CFO) films and 6 h for

the NiFe2O4 (NFO) films, respectively. The initial pH of the

solutions typically ranged between 5.5 and 5.9 to decrease slowly

over the course of the deposition to values between 3.9 and 4.4.

After their removal from the reaction solution, the films were

carefully rinsed, cleaned ultrasonically with distilled water, and

dried under flow of nitrogen. To ensure the conversion of the

metal hydroxides/oxyhydroxides into the spinel structure and

the complete crystallization of the films, the thin-film samples

were annealed in open air at a temperature of 600 �C, followed
by a natural cooling to room temperature. Although, in this

work, we report only on the design of bilayered perovskite-

spinel structures, by sequentially dipping the substrates into

treatment solutions that contain different types of metal salt

precursors, one can design multilayered ceramic composites on

a film-on-substrate geometry. The advantage of this method

consists of its simplicity, high reliability, and flexibility in

varying the number of layers, as well as their thickness, order

of succession, and chemical composition.

2.2. Characterization of the Metal Oxide Thin Films. The

surface morphology, chemical composition, andmicrostructure

of the films were investigated with a LEO Model 1530VP

FE-SEM system operating in low vacuum mode at an acceler-

ating voltage of 200 kV and equipped with an energy-dispersive

spectroscopy (EDS) detector. X-ray diffraction (XRD) experi-

ments were performed in grazing-incidence mode (2�) with

a Philips X’Pert System equippedwith a curved graphite single-

crystal monochromator (Cu KR radiation). Patterns were

recorded in a step scanning mode in the 2θ range of 15�-60�
with a step of 0.02� and a counting time of 10 s. The angular

range was restricted to 15�-60�, because of a very strong re-

flection of the Si substrate, which appears at ∼68� 2θ and

obscures the peaks of the metal oxide films. The chemical

composition of the layered structures was determined by energy-

dispersive X-ray (EDX) analysis and inductively coupled plas-

ma (ICP) spectroscopy with a Varian Model FT220s flame

absorption spectrometer. The correlation coefficient used to

calibrate the instrument was 0.99915, and the calibration error

did not exceed 5%. The corresponding solutions were prepared

by dissolving the films in 18%HCl and then diluting them to the

required concentrations. The thickness of the films was exam-

ined by a spectral reflectance method with a Filmetrics Model

F20 film thickness measurement system. Atomic force micro-

scopy (AFM) images of the thin films were collected at room

temperature with an Asylum Research MFP-3D atomic force

microscope working in tapping mode and using commercial

Si3N4 cantilevers with a force constant of 0.7 N/m. The piezo-

electric properties of the perovskite films were measured with

the same instrument, using a silicon tip coated with a platinum/

iridium layer 20 nm thick. The piezoelectric signal of the samples

was measured with the high-voltage PFM module of the MFP-

3D AFM system, using an AC240TM cantilever that had a

tetrahedral silicon tip coated with platinum/titanium. For the

fabrication of layered capacitors, the gold top electrodes, with

an area of 5mm2 and a thickness of 50 nm,were sputtered on the

film samples, followed by the standard lithography process.

Investigation of the magnetic properties of the ferrite films and

ferrite/perovskite multilayered nanocomposites was performed

with a Quantum Design Model MPMS-5S SQUID magneto-

meter working in the temperature range from 2K to 300 K and

generating a magnetic field up to 6 T. Room-temperature

magnetic-field-assisted Raman scattering studies were per-

formedwith a Thermo-FisherDXRdispersiveRaman spectro-

meter in a conventional backward geometry using the λ =

532 nm line. The spectral resolution was 3 cm-1. The scattered

light was analyzed with a triple monochromator coupled with

an optical microscope, which allows the incident light to be

focused on the sample as a circular spot∼2 μm in diameter. The

power of the incident laser beam was relatively low (6 mW), to

avoid film restructuring that was due to overheating from the

laser source. Prior to collecting eachRaman spectrum, samples

were subjected to the action of a uniform, in-plane magnetic

field with a maximum strength up to 2 kOe, using a variable-

field magnetometry (VFM) device provided by Asylum Re-

search, Inc.
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3. Results and Discussion

As previously described elsewhere,17 the LPD process
is based on the slow hydrolysis of metal oxyfluoro-com-
plexes, which are converted to the corresponding hydro-
xides and/or oxyhydroxides, which form the as-deposited
films. These stoichiometric mixtures of hydroxides/
oxyhydroxides are usually amorphous and are trans-
formed to the corresponding oxides upon heat treatment
at temperatures above 500 �C. During our preliminary
experiments, we have systematically observed that, at a
high concentration of the precursors in the treatment
solution, the addition of Pb(NO3)2 induces instant pre-
cipitation of the hydroxyl-containing metal species and
no films are deposited onto the substrates. Other authors
have suggested that the premature precipitation of the
hydroxides can be prevented by adding few drops of
diluted HNO3 until the pH of the treatment solution is
below 2.8.1b,20b However, when the pH of the treatment
solution was brought below pH 3, no deposition was
observed, even when the substrates were soaked in solu-
tion for 24 h at 45 �C. Upon optimizing the reaction con-
ditions, mirror-like films could be obtained within 1-6 h
without adjusting the pH and maintaining the concentra-
tionof theprecursors in the treatment solutionbelow10-2M.
Therefore, the starting solution was clear at room tem-
perature and visible precipitation was observed only
10-20 min after the solution reached the temperature
of 45 �C. The treatment solution becomes turbid during
the deposition due to the generation of fine particles, as a
result of a homogeneous nucleation process. Tominimize
their high surface energy, these particles have the ten-
dency to attach to all available surfaces, thereby leading
to the formation of highly uniform, scratch-resistant
nanoparticle-based films through a Volmer-Weber-type
deposition mechanism.21 All films have shown interfer-
ence, rainbow-like color when exposed to the light, as a
result of the different values of the refractive index of the
substrate and the film. Figure 1 shows top-view (Figure 1a
and inset) and cross-sectional (Figure 1b) FE-SEM images
of a PbTiO3 film deposited at 45 �C for 4 h, followed by a
heat treatment at 750 �C for 6 h in air. The PbTiO3 film is
continuous, being constructed of densely packed grains
with anaveragediameter of 77nm.From the cross-sectional

FE-SEM image, we can observe that the PbTiO3 film is
uniform and has a thickness of ∼180 nm. The EDX

analysis of several randomly selected areas of the PbTiO3

films indicated the presence of both Pb and Ti. The Pb/Ti

molar ratio obtained from ICP spectrometry was 0.978:1,

which indicates that the films are compositionally homo-

geneous and are almost stoichiometric. Our results, relative

to the chemical composition of the perovskite films, are

consistentwith those ofHsu and co-workers,who suggested

that theTi4þ andPb2þ ions are incorporated into a complex

ion during hydrolysis and there is no loss of lead during the

heat treatment.20

Figure 2a shows that the XRD pattern of the PbTiO3

film heat-treated in air at 750 �C for 3 h exhibits well-

defined peaks that can be classified into two categories.

The first seriesmatcheswellwith those ofLaNiO3,whereas

the second series of peaks belong to the tetragonal bulk

Figure 1. (a) Top view and (b) cross-sectional field-emission scanning
electron microscopy (FE-SEM) images of an ∼180-nm-thick PbTiO3

layer obtained via liquid-phase deposition (LPD).

Figure 2. (a) X-raydiffraction (XRD) profiles of the PbTiO3 film crystal-
lized at 750 �C. The red curve represents the experimental pattern of the
PbTiO3 film, whereas the orange and blue curves represent the simulated
curvesofbulkPbTiO3 (JCPDSFileCardNo. 6-452) andLaNiO3 (JCPDS
File CardNo. 10-341), respectively. (b) Experimental XRDpattern of the
PbTiO3 powdered sample collected from the same experiment (dark red
curve) and the simulated curves of bulk PbTiO3 (blue-green curve).

(21) Gao, Y.; Koumoto, K. Cryst. Growth Des. 2005, 5(5), 1983–2017.
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PbTiO3 (macedonite, JCPDS File Card No. 6-452), in-

dicating that the resulting ferroelectric film is chemically
pure and highly crystalline. The similarity of the XRD
patterns of the LaNiO3 and PbTiO3 layers, along with
the strong (002) peak at 34� 2θ, originating from the Si
substrate and the peak broadening due to the nanostruc-
tured nature of the PbTiO3 film, made estimation of the
crystallite size virtually impossible. Unlike the film, the
PbTiO3 powder collected after the deposition and sub-
jected to the same heat treatment presents a XRD pattern
with distinct peaks with no preferential orientation
(Figure 2b), which confirms that the product of the
deposition at 45 �C is tetragonal PbTiO3. No impurities,
such as pyrochlore Pb2Ti2O7-y or fluorite Pb2þxTi2-xO7-y,
commonly encountered in the preparation of PbTiO3 pow-
ders, were observed in the XRD pattern. The absence of a
particular spatial orientation, either crystallographic or
morphological, of the PbTiO3 supports the existence of a
homogeneous nucleation mechanism involved in the
growth of the perovskite-like films via LPD. On the basis
of XRD analysis, Hsu and co-workers suggested that the
as-deposited hydroxide intermediate can be converted to
a perovskite phase upon annealing for 30min at tempera-
tures as low as 550 �C. They observed that the product
presented a small amount (5wt%) of pyrochlore (Pb2Ti2O6)
impurity was eliminated by increasing the annealing
temperature to 600 �C. It is worth mentioning that all
samples annealed at temperatures below 750 �C con-
tained an important amount (∼40 wt%) of pyrochlore
impurity. This phase is not ferroelectric and alters the
piezoelectric properties of the samples. However, upon
annealing the as-deposited films at 750 �C for 3 h in air,
the pyrochlore phase can be completely converted to
PbTiO3. The lattice constants of the perovskite film
crystallized onto the LaNiO3 buffer layer were refined
within a tetragonal cell, using the TREOR program.22

These refined values of a=3.908(7) Å and c=4.123(1)
Å are in very goodagreementwith thoseof thebulkmaterial
(a=3.899(3) Å and c=4.153(2) Å), further confirming the
high quality of the films.
The piezoresponse hysteresis loops of the 180-nm-thick

PbTiO3 film are presented in Figure 3. Both the phase and
amplitude curves confirm the existence of a switchable
intrinsic lattice polarization in the PTO layer at room
temperature. The film exhibits the well-known “butterfly-
type” behavior for the variation of the amplitude versus
the voltage with a maximum displacement of 1.2 nm at
a driving voltage of E=þ17.55 V. The effective value of
the zero-field piezoelectric coefficient (d33) of the PbTiO3

film was calculated by fitting of the linear portion of the
butterfly loop. It is well-known that the amplitude of the
displacement of the tip (A) is proportional to the ac bias
voltage (Vac):

A ¼ d33VacQ

whereQ is a proportionality factor that varies from 10 to
100 and accounts for the amplitude enhancement at the

tip-sample resonance. By considering the value of the
proportionality factor in the lower end of this range, the
magnitude of the piezoelectric coefficient of the PTO
layer is d33=14.1 pm/V, a value that agrees well with
those reported in the literature for layered PbTiO3

nanostructures.23 Two-dimensional (2-D) images of the
180-nm-thick PbTiO3 film presented in Figure 4a and the
inset of Figure 4a show that the perovskite film is free of
cracks andhas auniformmorphologyover its entire surface
(the scanned areawas 10μm�10μm), being constructedby
densely packed spherical grains.
The root-mean-square (rms) roughness of the film was

determined to be 9.7 nm. The piezoelectric force micro-
scopy (PFM) contrast image of the same film without
poling reveals a random distribution of bright and dark
areas all across the film surface (see Figure 4b). The bright
regions correspond to positive domains with the normal
component of the polarization pointing toward the film
surface, whereas the dark spots indicate areas where the
polarization is oriented in the opposite direction. To
design perovskite-spinel bilayered nanocomposites, a
cobalt ferrite (CFO) layer was subsequently deposited
onto the 180-nm-thick PbTiO3 film by the same proce-
dure. Similar to the case of the perovskite films, the spinel
films were obtained upon a heat treatment at 600 �C in air
of the as-deposited films, followed by the natural cooling
to room temperature. ICP spectroscopy measurements
of the solutions obtained by dissolving the film in a
10% HCl solution have indicated that, for the particular
concentration of theCo(NO3)2 precursor in the treatment
solution, the chemical composition of the ferrite film is
Co0.32Fe2.68O4, whereas their thickness, measured by the
spectral reflectance technique was 193 nm. As seen in
Figure 5, the top-view FE-SEM images of the PTO/CFO
nanocomposite show that the surface of the CFO top layer
is smooth and free of defects. Furthermore, the ferrite layer
is constructed by densely packed spherically shaped grains
with an average diameter of 90 nm (Figure 5b). The XRD

Figure 3. Local hysteresis loops of the phase (red curve) and amplitude
(blue curve) of the piezoelectric signal of the∼180-nm-thick PbTiO3 film.

(22) Werner, P. E.; Eriksson, L.; Westdahl, M. J. Appl. Crystallogr.
1985, 18, 367-370.

(23) (a) Kighelman, Z.; Damjanovic, D.; Cantoni, M.; Setter, N.
J. Appl. Phys. 2002, 91(3), 1495–1501. (b) Kim, Y. K.; Kim, S. S.;
Shin, H.; Baik, S. Appl. Phys. Lett. 2004, 84(25), 5085–5087.
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pattern of the PTO-CFO double-layered structure is
dominated by the strong reflection at ∼32� 2θ, corre-
sponding to the LaNiO3 buffer layer (Figure 6a). How-
ever, relatively strong peaks ascribed to the PbTiO3 film,
as well as a small peak at 35.8� 2θ, corresponding to the
most intense reflection of the bulk CoFe2O4 spinel struc-
ture (JCPDS PDF No. 1-1121), can be easily observed,
confirming the formation of a perovskite-spinel bilayered
structure. Since the relatively intense peaks correspond-
ing to the silicon substrate and the perovskite phases
obscure those of the spinel phase, to determine if the
ferrite film was single-phase, we investigated the XRD
pattern of a CoFe2O4 thin film deposited onto a glass
substrate under the same experimental conditions. As
seen in Figure 6b, the XRD pattern suggests that the
CFO film is polycrystalline, with no preferential orienta-
tion, and is chemically pure. The refined unit-cell param-
eter of the film annealed at 600 �C was a=8.39(1) Å,
which is close to the value of the bulk standard CoFe2O4.
Figure 7adisplays the surfacemorphologyof theCFO film
forming the top layer of the PTO-CFO perovskite-spinel

heteroepitaxial bilayered structure obtained via AFM.

The film has a smooth surface and consists of a contin-

uous array of small and uniform grains, with an average
diameter of 98 nm, which is in excellent agreement with

the results obtained from electron microscopy. The rms

roughness for the entire measured area was 34 nm. The
magnetic force microscopy (MFM) image of the film

(Figure 7b) exhibits several regions with a bright-dark

contrast, indicating the existence of magnetic domains
with upward and downward orientation of the magnetiza-

tion. The magnetic properties of the PTO-CFO bilayered

structure were measured by SQUID magnetometry. Hys-
teresis loops presented inFigure 8 indicate that the samples

present a strong magnetic signal at room temperature and

neither the PTO-CFO nanocomposite nor the pure CFO
films reach saturation at a magnetic field of 8 kGauss.

A negligible variation of the coercivity was noticed when

the samplesweremeasuredwith themagnetic fieldoriented
parallel (in-plane) and perpendicular (out-of-plane) to

the film surface, suggesting that they possess a randomly

oriented magnetic anisotropy. The coercivity increased
from 1.82 kOe to 13.39 kOe when the temperature of

the in-plane measurement was decreased from 300 K to

5K.The room-temperature coercivity of the PTO-CFO

Figure 5. (a) FE-SEM image and (b) high-magnification FE-SEM view
showing the typical morphology of the CoFe2O4 top layer of the
PTO-CFO heteroepitaxial bilayered structure.

Figure 4. (a) Atomic force microscopy (AFM) image of the ∼180-nm-
thick PbTiO3 film deposited at 45 �C. The inset shows a closeup of the
same image, showing the size of the spherical particles constructing the
film; (b) phase-contrast PFM image of the same film (10 μm � 10 μm).
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bilayered nanocomposite is smaller than that of the pure

CFO film (Hc=2.071 KOe), which can be presumably

ascribed to the coupling between the Co0.32Fe2.68O4 and

the PbTiO3 phases at the shared interfaces. The saturation

magnetization calculated after dissolving the film in diluted

HCl solution, followedbyweighing the sample and the glass

substrate, is 234.4 emu/cm3, which is lower than the value

reported for bulk CoFe2O4 (∼400 emu/cm3).24

To further demonstrate the feasibility of this method,
a second series of bilayered structures, consisting of a
200-nm-thick nickel ferrite (NFO) filmdeposited onto the
initial PTO film, was fabricated by the same experimental
procedure. Similar to the CFO film, the 2θ scans XRD
scans (not shown) indicated that both the PTO and NFO
layers are single-phase and are polycrystalline with the
absence of any preferential orientation. ICP measure-
ments of samples collected by dissolving randomly select-
ed areas of the film (by masking it with cellophane tape
and immersing it in a diluted HCl solution) indicated
that the NFO layer is compositionally uniform and

corresponds to the composition Ni0.66Fe2.34O4. The
FE-SEM micrograph of the PTO-NFO nanocomposite
film (Figure 9) shows that, unlike the CoFe2O4 film, the
NFO top layer is constructed by rodlike nanoparticles
with an average length of 200 nmand an average diameter
of 15 nm. As seen in the top view FE-SEM image, the
constituent nanoparticles of the NFO layer seem to have
their long axes oriented out of the film plane. They are
also densely packed and form a very uniform film that
completely covers the PTO layer. The cross-sectional
FE-SEM image of the PTO-NFO bilayered nano-
composite shows the LaNiO3, PTO, and NFO layers.
Generally, ceramic thin films grow in solution via two
mechanisms: homogeneous nucleation and attachment of
the nanoparticles and heterogeneous nucleation, respec-
tively. Unlike homogeneous nucleation which usually results
in the formation of films constructed by spherically shaped
nanoparticles, heterogeneous nucleation occurs through
surface-directed growth. This leads to preferential growth
of the nucleated solid, resulting into the formation of

Figure 6. XRD profiles of (a) the PTO-CFO bilayered structure depos-
ited on a LaNiO3-buffered Si substrate and (b) the pure Co0.32Fe2.68O4

film deposited onto a glass substrate.

Figure 7. (a) Representative tapping-modeAFMand (b)MFMimage of
the ∼180-nm-thick Co0.32Fe2.68O4 top layer of the PTO-CFO bilayered
structure.

(24) Suzuki, Y.; Hu, G.; van Dover, R. B.; Cava, R. J. J. Magn. Magn.
Mater. 1999, 191(1-2), 1–8.
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columnar structures.25 Regardless of the chemical com-
position of the ferrite films, in all experiments, the treat-
ment solution turned progressively cloudy during the
course of the hydrolysis process and turned clear again
at the end of the deposition. However, because the mor-
phology of the particles that comprise the ferrite film
changes from spherical to rodlike, it results that, depend-
ing on their composition, the spinel films grow through
both a homogeneous nucleation and a surface-directed
heterogeneous nucleationmechanism.A systematic study
on the influence of the nature of the transition metal, the
concentration of the treatment solution/boric acid, and
the deposition temperature on the morphology of the
films is underway and will be reported in a forthcoming
paper. The room-temperature magnetization curves of
the pure NFO film and the bilayered PTO-NFO nano-
composite are shown in Figure 10. Similar to the PTO-

CFO nanocomposite films, no significant change in the
coercivity and the orientation of the loops was noticed for
measurements performed with the substrate oriented
parallel and perpendicular to the magnetic field, indicat-
ing the existence of randomly oriented anisotropy axes.
The saturation magnetization of the bilayered structure
was 223.2 emu/g, which is a value that is smaller than both
that of pure Ni0.66Fe2.34O4 film (Ms=241.5 emu/g) and
that of bulkNiFe2O4 (Ms=302.4 emu/g).26 As in the case
of the CoFe2O4 films, the decrease of the saturation
magnetization of the NiFe2O4 layered structure can be
ascribed to the existence of a noncolinear ferromagnetic
spin structure in the vicinity of the surface of the indivi-
dual nanoparticles constructing the film.27 Unlike the
PTO-CFO nanocomposite, the coercivity of the PTO-
NFO layered nanocomposites is slightly higher (Hc=108
Oe) than that of the pristine ferrite film (Hc=90Oe). These
results were reproduced independently for three series of
different samples and are in good agreement with those
reported by Luo and co-workers for a BaTiO3-NiFe2O4

Figure 8. (a) Magnetization vs field curves at 300 K for the pure CFO
film and the PTO-CFO bilayered structure. (b) Hysteresis loop of the
PTO-CFO layered nanocomposite at 5 K. Magnetization values have
been normalized to the value of the saturation magnetization.

Figure 9. (a) Top-view FE-SEM image of theNFO thin film forming the
top layer of the PTO-NFO multilayered structure (inset in upper right-
hand corner shows an enlarged view). (b) Cross-sectional FE-SEM image
of the PTO-NFO layered nanocomposite.

(25) Schwartz, R. W. Chem. Mater. 1997, 9, 2325.

(26) Caruntu, G.; Dumitru, I.; Bush, G. G.; Caruntu, D.; O’Connor, C. J.
J. Phys. D: Appl. Phys. 2005, 38(6), 811–815.

(27) Robinson, I.; Volk,M.; Tung, L.D.; Caruntu,G.; Kay,N.; Thanh,
N. T. K. J. Phys. Chem. C 2009, 113(22), 9497–9501.
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epitaxial nanocomposite thin film obtained via a poly-
mer-assisted deposition whereby the coercivity decreased
from 150 Oe to 140 Oe, respectively.9

Raman spectroscopy has been proven to be a very
versatile tool for the investigation of both the lattice dy-
namics in crystalline solids and the magnitude and types of
residual stresses in ferroelectric thin film structures. The
high-temperature cubic PbTiO3 presents 12 optical modes
that transform as the 3T1uþT2u irreducible representation
of the point group Oh.

28 The triply degenerate T1u mode is
only infraredactive,whereas theT1umode is neitherRaman
nor infrared active, being called “the silent mode”. At room
temperature, PbTiO3 adopts a tetragonal structure and the
T1u optical lattice modes split into A1þE, whereas the T2u

will split into B1þE, respectively.28,29 Because of long-range
electrostatic interactions, the degeneracy of the lattice vi-
brations at long wavelengths is further lifted into a doubly
degenerate transverse mode (TO), corresponding to an
orientation of the polarization perpendicular to the wave
vector k and a single longitudinal optical (LO) mode with
polarization parallel to k. Similarly, the signature bands in
theRaman spectra of ferrites are T2gmodes, corresponding
to lattice vibrations in the MO4 tetrahedra, and the A1g

modes, associated with vibrations of the octahedral sites of
the cubic lattice.30

Figure 11 shows representations of the room-tempera-
ture Raman spectra of the PTO-CFO bilayered film with

and without a magnetic field. To locate the Raman bands

precisely, the spectra were deconvoluted with the PeakFit

4.12 software, using a linear baseline.The experimental data

was smoothed with a four-order polynomial function

(Savitsky-Golay) and the fitting process was performed

with a Gaussian function. The reliability factors of each

refinement procedure were >90%. As seen in Figure 11,

three different types of peaks can be distinguished in each

Raman spectrum: three bands at ∼222, ∼290, and ∼609

cm-1, which are ascribed to the E(2TO), B1þE, and A1-

(3TO) vibrationalmodesof tetragonalPbTiO3 (point group

C4v); a sharp, strong line at ∼520 cm1, which is character-

istic to the silicon substrate; and two broad bands at ∼472

and 687 cm-1, corresponding to the T2g and A1g modes of

the cubic spinel structure. The wavenumbers of the T2g and

A1g modes of the spinel layer and the E(2TO), B1þE and

Figure 10. Room-temperature hysteresis loops of the pristine 200-nm-thick NFO film deposited on glass and the PTO-NFO bilayered nanocomposites.

Figure 11. Raman spectra of the PTO-CFO bilayered structure in the
absence (orange curve) and the presence (green, blue, and red curves) of
a magnetic field with different intensities.

(28) Pignolet, A.; Schmid, P. E.; Wang, L.; Levy, F. J. Phys. D-Appl.
Phys. 1991, 24(4), 619–621.

(29) Taguchi, I.; Pignolet, A.; Wang, L.; Proctor,M.; Levy, F.; Schmid,
P. E. J. Appl. Phys. 1993, 73(1), 394–399.

(30) (a)Wang, Z.W.; Schiferl, D.; Zhao, Y. S.; O’Neill, H. S. C. J. Phys.
Chem. Solids 2003, 64(12), 2517–2523. (b) Casula, M. F.; Floris, P.;
Innocenti, C.; Lascialfari, A.; Marinone, M.; Corti, M.; Sperling, R. A.;
Parak, W. J.; Sangregorio, C. Chem. Mater. 2010, 22(5), 1739–1748.
(c) Herranz, T.; Rojas, S.; Ojeda, M.; P�erez-Alonso, F. J.; Terreros, P.;
Pirota, K.; Fierro, J. L. G. Chem. Mater. 2006, 18(9), 2364–2375.
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A1(3TO) of the perovskite layer at different values of the
in-planemagnetic field at room temperature are represented
in Table 1. Upon increasing the magnetic field, the Raman
modes of both the spinel and perovskite layers shift slightly
toward higher frequency, whereas the position of the B1þE
band remains almost unchanged, suggesting that the silent
mode is almost insensitive to the action of the magnetic
field. Such behavior is similar to that observed by Li and
co-workers for a Pb(Zr, Ti)O3-CoFe2O4 bilayered struc-
ture obtained via a sol-gel method.31 Because the shift of
the Raman bands in thin-film structures is generally due
to residual stresses,32 the upward frequency shift in the
Raman modes of both perovskite and spinel layers clearly
indicates the existence of a stress-mediatedmagnetoelectric
coupling in the PTO-CFO bilayered structure. Such a
shift to higher frequencies of the ferrite Raman modes are
ascribed to the convergent effect of changes in the lattice
along and reorientation of the magnetic domains.31

Under the action of an in-plane magnetic field, the ferrite
layer, with a negative magnetostriction coefficient,33

will shrink along the direction of the magnetic field.
However, under a compression, the magnetic layer will
expand slightly in a direction parallel to the normal of the
film, generating a stress in the adjacent ferromagnetic
layer. This stress, produced at the shared interfaces by the
magnetoelastic effect, will change the configuration of the
ferromagnetic domains in the perovskite phase, leading to
a shift to higher frequencies of the E(2TO) and A1(3TO)
vibrational modes in the Raman spectrum. Although one

can argue that the magnitude of the shift of the Raman

modes is comparable to the instrumental resolution, the

validity of the assumption that the shift in the Raman

bands of the bilayered structure at H 6¼ 0 is associated

with a stress-mediated ME coupling was further con-

firmed by the position of the Raman mode of the silicon

substrate, which remains virtually unchanged upon

applying the magnetic field. Similar results were observed

in the PTO-NFO bilayered structure, which are consis-

tent again with the existence of an elastic interaction

between the perovskite and spinel layers in these bilayered

ceramic nanocomposites obtained via LPD.

4. Conclusion

In summary, proof-of-concept experiments have de-
monstrated that it is possible to construct highly uniform
polycrystalline PbTiO3-MxFe3-xO4 (M=Co, Ni) mag-
netoelectric (ME) bilayered nanocomposites, using the
liquid-phase deposition process. This two-step procedure
involves the sequential deposition of a PbTiO3 film, fol-
lowed by the formation of a transition-metal ferrite layer
at temperatures as low as 45 �C. The resulting bilayered
structures possess a granular morphology, are chemically
pure, and are coupled through an elastic interaction, as
evidenced by electron microscopy, X-ray diffraction, and
magnetic field-assisted Raman spectroscopy. The general
potential of the proposed route is multifold, because it
allows the direct assembly of spinel and perovskite multi-
component metal oxide compositions into hierarchical
multilayered structures via a simple chemical approach.
At the same time, it allows for strict control over the
number of perovskite/spinel layers, as well as their thick-
ness and chemical composition. These hybrid nanostruc-
tures, in a film-on-substrate geometry, will open the door
to more-detailed studies on their electrical and magnetic
properties and stimulate the design of other combinations
of spinel and perovskite phases in a planar geometry.
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Table 1. Values of the Raman Shift of the Perovskite and Spinel Layers

in the PTO-CFO under a Magnetic Field

Raman Bands

Ferrite Layer Perovskite Layer

coercivity, H (Oe) T2g A1g E(2TO) B1þE A1(3TO) Si

0 465.9 683.2 220.8 292.4 604.4 519.5
500 467.3 685.3 221.8 292.2 606.7 519.7
1000 469.6 686.3 222.7 292.2 608.2 519.6
1500 471.3 688.5 223.3 292.1 609.7 519.3
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