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A new magnetoelectric hybrid device composed of a nanoparticulate magnetostrictive iron
oxide-cobalt ferrite film on a piezoelectric lead zirconic titanate crystal serving as both substrate and
straining medium is described. Nano-Fe;0,/CoFe,0O, particles, ranging from 5 to 42 nm, were
prepared using a variation of the sol-gel method. A small electric field, 5—10 kV cm™!, applied at the
coercive field of the nano-Fe;O,/CoFe,O, component modulates the film magnetization
up to 10% of the saturation magnetization of ferrite. At the smallest particle size of 5 nm, the
coercive field is as low as 25 Oe and the inverse MEy voltage coefficient is as high as
(10.1 V/ecm Oe)~'. © 2008 American Institute of Physics. [DOI: 10.1063/1.2841064]

The recent surge of papers describing magnetoelectric
composites (MECs) may be divided into two groups; the first
consisting of papers reporting on metal-oxide composites
and the second containing those publications dealing with
oxide-oxide structures. High MEC susceptibilities at low
magnetic fields are achieved with metal-oxide MECs by
choosing either glassy metals or designing highly magneto-
strictive metallic components with zero demagnetization
factor."? Similar approaches are not as readily accessible for
oxide/oxide ME composites as these are predominantly fab-
ricated by thin film technologies, e.g.,3 and the oxide featur-
ing the highest magnetostriction, CoFe,O, (CFO), possesses
a large magnetocrystalline anisotropy. The fully epitaxial
self-assembled 3-1 CFO/BaTiO; ME composites4 represent
somewhat of an exception. Therefore, in an effort to reduce
the effective magnetocrystalline anisotropy and thereby the
coercive force of CFO, we developed a nano-
Fe;0,/CoFe,0ylllead zirconic titanate (PZT) MEC, whose
fabrication and properties are described in the following.

To achieve a highly effective magnetoelectric signal, ME
composites require high piezoelectric and magnetic
susceptibilities.”® Pb(Zry 53 Tig47)O; is a well-understood pi-
ezoelectric material fulfilling this requirement. Ferromag-
netic bulk Co ferrite is a good choice due to its high magne-
tostriction. However, because of its high magnetocrystalline
anisotlropy,7 it has a low magnetostrictive initial susceptibil-
ity that results in a low magnetoelectric susceptibility
d\/dH. In nanoparticles, the effective magnetocrystalline an-
isotropy is lowered and d\/dH can be increased while main-
taining its high saturation® as has also been demonstrated for
Co ferrite.’ Therefore, in order to create an all-oxide MEC
with a large ME coupling coefficient, a nano-
Fe;0,/CoFe;0,4/Pb(Zry 55Tiy47)03 was developed. This
composite yields giant ME voltages under significantly lower
magnetic bias fields than previously reported for CFO/PZT
MECs.'? Its manufacture and properties will be described
next.

The composite was manufactured by spinning a CFO
sol-gel11 onto a mirror polished PZT single crystal substrate,
obtained from Fuji Ceramics, Inc. The deposition technique
and substrate were chosen to obtain lower sintering tempera-
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tures and good homogeneity of the film as well as proper
stress transfer between the components of the composite by
avoiding large surface roughness. The sol solution of
CoFe,0, with a molar ratio of Co**:Fe**=1:2 was repeat-
edly spin coated onto the PZT substrate until a smooth pre-
cursor film was obtained.'? Subsequently, the composite was
annealed for 15 min at different temperatures, 450—-650 °C,
to obtain different nanosizes and compositions between
Fe;0, and CoFe,0,. The final composite consisted of a
5 pm thick film of nano-CoFe,O4 on 100 um PZT. Special
attention was given to heat treatment at compositions inter-
mediate between Fe;O, and CoFe,0, as Bickford et al. have
shown that addition of only a small amount of magnetite to
cobalt ferrite changes the sign of the anisotropy constant
from negative to positive.13 Our experiments extend this idea
to the additions to cobalt ferrite.

The structure of the composites was characterized using
scanning x-ray microdiffraction (D8 DISCOVER with Gen-
eral Area Diffraction Detector System for combinatorial
screening by Bruker-AXS). x-ray diffraction (XRD) shows
the typical signature of the composite: two sets of well-
defined peaks are observed belonging to PZT and CoFe,O,.
No additional or intermediate phase peaks can be identified.
The minor constituent Fe;0,4 (see below) was not specifically
identified as its XRD signature is almost identical to that of
CFO. The broad CFO XRD peaks are indicative of nanopar-
ticle formation. The morphology and cross-section examina-
tion of the film was made using an environmental scanning
electron microscope and an atomic force microscopy. A well-
bonded interface was discerned.

Magnetic properties of the nano-CFO films were mea-
sured using a superconducting quantum interference device.
We measured the field dependent magnetization at room tem-
perature by applying magnetic fields parallel to the plane of
the film. The magnetic hysteresis loops of the films demon-
strate the effect of the different annealing temperatures
(450-700 °C) on the coercivity as well as saturation mag-
netization. It was observed that the value of the coercive field
gradually decreases with decreasing annealing temperature
(Fig. 1), as expected. At an annealing temperature of 450 °C,
the coercivity is H.=~25 Oe. The saturation magnetizations
of in-plane loops yielded 375 emu/cm?® independent of the
particle size. The temperature dependence of the saturation
magnetization of a 22 nm-CFO film yields Curie tempera-
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FIG. 1. The coercivity field, determined at room temperature, of the nano-
Fe;0,/CoFe,0, component of the MEC as a function of the annealing
temperature.

tures of 700 and 860 K, indicating that the particles con-
sisted of approximately 91% CFO and 9% Fe;O0,.

In order to demonstrate the ME coupling of the ferro-
electric and ferromagnetic components of the composite, the
average in-plane magnetization of the CFO nanoparticles
was determined as the PZT substrate was alternately
poled.14’15 The change of magnetization upon the application
of an electric field was measured using a vibrating sample
magnetometer in the direction of the biasing magnetic field.
The MEC was electroded'® as described before so that an
electric field could be applied while the magnetization was
determined. Figure 2 displays the variation of the magneti-
zation at the coercive field of 80 Oe as the electric field was
sinusoidally varied as a function of time. These data yield a
magnetoelectric coefficient MEg=10.1 V/Oe cm, which
compares favorably with published values."”
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FIG. 2. (Color online) Top: electrically induced magnetic switching, the
moment of magnetization dependence of external applying electric field
(=10°~10° V/m). bottom: room temperature inverse magnetoelectric sus-
ceptibility, (Y]-_;E=47TA..M /AFE, of the MEC as a function of the annealing
temperature, corresponding to the top figure.
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FIG. 3.

(Color
PbZry 53Tiy.4703 MECs processed at temperatures of (a) 450 °C, (b) 500 °C,
(c) 550 °C, and (d) 600 °C.

online) MFM images of nano-Fe;04/CoFe,O,ll

If the elastic constants of the composite’s components
are equal to each other, the inverse magnetoelectric response
coefficient of a MEC can be written as

_@ ~ |)\|d

For the present composite, the permeability w is determined
by the magnetic characteristics of a CFO/Fe;0, solid solu-
tion. At room temperature, it attains a maximum of ..
=50."" The magnetostriction N is equal to that of the
CFO/Fe;0, solid solution. It is known that its value is
smaller than that of pure CFO. Its maximum value is ap-
proximately given by A=-150 ppm.19 Finally, the piezo-
electric coefficient d of the PZT composition used is given
by d=125 pC/N.?® The cited values of the coefficients yield
an estimate for the inverse magnetoelectric response coeffi-
cient of the present MEC of ay=~9.4X10°ps/m or ag
~1.7% 10> V/cm Oe. This magnitude is 20 times larger than
the maximum experimentally determined value of
10.1 V/Oe cm. It must be remembered, though, that only the
portion of the permeability related to magnetization rotation
and 90° domain wall motion pertains to this study. Figure 3
showing how the domain structure at maximum coupling
differs from the others might be an indication of that fact.
However, it appears that the present CFO/magnetite||PZT
MEC magnetoelectric performance can be improved, likely
by increasing the permeability of the CFO/Fe;0, solid solu-
tion by adjusting the magnetite content. In this work, the
magnetite additions were not planned but the result of the
simple annealing procedure in air. Figures 1 and 2 (below)
indicate that the coercivity and the inverse magnetoelectric
coefficient depend on the temperature, likely because the
magnetite content of the solid solution varies. It appears that
at the annealing temperature of 550 °C, the product of the
permeability and the magnetostriction is optimized. At a
lower annealing temperature, the magnetite content would
be large leading to a large permeability. However, the CFO
content would be small and therefore the magnetostriction.
The situation is reversed at temperatures higher than the
optimum.

In summary, a very simple, inexpensive, double-layer
all-oxide nano-Fe;O,/CFOIPZT multiferroic 2-2 composite
heterostructure has been prepared and studied. Ferromag-



083502-3 S. Ren and M. Wuttig

netic films of nano-Fe;0,/CoFe,0, were obtained by a spin-
ning a suitable sol-gel onto a Pb(Zr53Tiy47)O3 substrate.
The double-layer film contains PZT and Fe;0,/CFO phases
and shows good electric-field-induced magnetoelectric prop-
erties. We can obtain a very low coercivity value of magne-
tostrictive Fe;0,/CoFe,0, phase, less than 100 Oe through
controlled sol-gel and annealing processing. The resulting
ME laminates have very large inverse ME voltage coeffi-
cients. The bias field obtained in this study can be further
reduced and the inverse magnetoelectric response coefficient
increased by changing the ratio between the Fe;O, and CFO
components by targeted annealing.

The support of the National Science Foundation under
Grant No. DMR0354740 and the Office of Naval Research
under Contract No. N000140110761 is acknowledged. The
authors are also grateful to Dr. I. Lloyd for her hospitality
and to the UMD-MRSEC program, DMR-00-0520471, for
permission to use its equipment.

7. Zhai, S. Dong, Z. Xing, J. F. Li, and D. Viehland, Appl. Phys. Lett. 89,
083507 (2006).

’s. Dong, J. Zhai, J. Li, and D. Viehland, Appl. Phys. Lett. 89, 252904
(2006).

K. S. Chang, M. A. Aronova, C. L. Lin, M. Murakami, M. H. Yu, J.
Hattrick-Simpers, O. O. Famodu, S. Y. Lee, R. Ramesh, M. Wauttig, I.
Takeuchi, C. Gao, and L. A. Bendersky, Appl. Phys. Lett. 84, 3091
(2004).

Appl. Phys. Lett. 92, 083502 (2008)

1. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao,
L. Salamanca-Riba, S. R. Shinde, S. B. Ogale, F. Bai, D. Viehland, Y. Jia,
D. G. Schlom, M. Wuttig, A. Roytburd, and R. Ramesh, Science 303, 661
(2004).
5G. Srinivasan, E. T. Rasmussen, J. Gallegos, and R. Srinivasan, Phys. Rev.
B 64, 214408 (2001).

6. Ryu, A. V. Carazo, K. Uchino, and H. Kim, J. Electroceram. 7, 17
(2001).

N. C. Pramanik, T. Fuji, M. Nanishi, and J. Takada, J. Mater. Sci. 40,
4169 (2005).
®E. Arzt, Acta Mater. 46, 5611 (1998).
°C. Liu, A. J. Rondinone, and Z. John Zhang, Pure Appl. Chem. 72, 37
(2000).

1. G. Wan, X. W. Wang, Y. J. Wu, M. Zeng, Y. Wang, H. Jiang, W. Q.
Zhou, G. H. Wang, and J.-M. Liu, Appl. Phys. Lett. 86, 122501 (2005).

'J. Wen and G. L. Wilkes, Chem. Mater. 8, 1667 (1996).

2y, He, J. Zhou, J. Wang, and C. W. Nan, Appl. Phys. Lett. 89, 052904
(2006).

BL.R. Bickford, J. Pappis, and J. L. Stull, Office of Naval Research Tech-
nical Report No. 1, 1954 (unpublished).

4V, R. Palkar, K. G. Kumara, and S. K. Malik, Appl. Phys. Lett. 84, 2856
(2004).

5T, Zhao, S. R. Shinde, S. B. Ogale, H. Zheng, T. Venkatesan, R. Ramesh,
and S. D. Sarma, Phys. Rev. Lett. 94, 126601 (2005).

'°S. Ren and M. Wuttig, Appl. Phys. Lett. 91, 083501 (2007).

'G. Srinivasan, E. T. Rasmussen, and R. Hayes, Phys. Rev. B 67, 014418
(2003).

8. R. Bickford, J. Pappis, and J. L. Stull, Phys. Rev. 99, 1210 (1955).

YR. M. Bozorth, E. F. Tilden, and A. J. Williams, Phys. Rev. 99, 1788
(1955).

%A, H. Morrison and K. Handa, J. Appl. Phys. 52, 2496 (1981).



