Heteroepitaxially enhanced magnetic
anisotropy in
nanostructures
Cite as: Appl. Phys. Lett. 90, 113113 (2007); https://doi.org/10.1063/1.2713131
Submitted: 14 December 2006 . Accepted: 07 February 2007 . Published Online: 14 March 2007
Haimei Zheng, Jens Kreisel, Ying-Hao Chu, R. Ramesh, and Lourdes Salamanca-Riba

ARTICLES YOU MAY BE INTERESTED IN
Three-dimensional heteroepitaxy in self-assembled

nanostructures

Applied Physics Letters 85, 2035 (2004); https://doi.org/10.1063/1.1786653
Enhancement in magnetoelectric response in

heterostructure

Applied Physics Letters 92, 062911 (2008); https://doi.org/10.1063/1.2841048
Multiferroic magnetoelectric composites: Historical perspective, status, and future directions
Journal of Applied Physics 103, 031101 (2008); https://doi.org/10.1063/1.2836410

Appl. Phys. Lett. 90, 113113 (2007); https://doi.org/10.1063/1.2713131
© 2007 American Institute of Physics.

90, 113113

APPLIED PHYSICS LETTERS 90, 113113 共2007兲

Heteroepitaxially enhanced magnetic anisotropy in BaTiO3 – CoFe2O4
nanostructures
Haimei Zhenga兲
Department of Materials Science and Engineering, University of California at Berkeley, Berkeley,
California 94720 and Department of Physics, University of California at Berkeley, Berkeley, California
94720

Jens Kreisel
Laboratoire Matériaux et Génie Physique, CNRS, Grenoble Institut of Technologie (INPG), Minatec,
38016 Grenoble, France

Ying-Hao Chu and R. Rameshb兲
Department of Materials Science and Engineering, University of California at Berkeley, Berkeley,
California 94720 and Department of Physics, University of California at Berkeley, Berkeley, California
94720

Lourdes Salamanca-Riba
Department of Materials Science and Engineering, University of Maryland, College Park, Maryland 30742

共Received 14 December 2006; accepted 7 February 2007; published online 14 March 2007兲
The authors have studied the magnetic properties of BaTiO3 – CoFe2O4 nanostructures, which were
prepared using pulsed laser deposition. Such nanostructures show a large uniaxial magnetic
anisotropy with an easy axis along the pillar long direction. As the growth temperature decreases,
the magnetic anisotropy increases. Careful analyses reveal that heteroepitaxial strain is the primary
contribution to the magnetic anisotropy. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2713131兴
Materials that possess more than one order parameter
simultaneously, i.e., ferroelectricity, ferromagnetism, or ferroelasticity, have attracted considerable interest1–4 because of
their rich coupled phenomena and potential applications in
electronic devices. Nanostructures with ferrimagnetic
CoFe2O4 nanopillars heteroepitaxially embedded in a ferroelectric matrix have recently been synthesized.1,5 Such nanostructures show significant coupling between ferroelectricity
and magnetism. The coupling between the ferromagnetic and
ferroelectric order parameters is mediated by an elastic strain
between the two phases. For example, when an electric field
is applied to the nanostructures, strain created by the piezoelectric matrix couples to the magnetostrictive CoFe2O4 pillars and induces magnetization changes in the CoFe2O4
phase. Such changes in the magnetization of CoFe2O4 pillars, and hence the strength of coupling between the ferroelectricity and magnetism, are critically dependent on the
magnetic anisotropy and crystalline structure of the nanopillars. In this letter, we report on the structural dependence of
magnetic anisotropy of the BaTiO3 – CoFe2O4 nanostructures.
In a bulk magnetic material, magnetocrystalline anisotropy occurs due to the spin-orbit interaction,6 which is related to the symmetry of the lattice. In nanostructured materials, however, magnetic anisotropy also depends on the
shape of the nanomagnet, elastic strain, and other extrinsic
effects,7 such as surface and interface effects,8,9 interactions
between the nanomagnets,10–12 etc. In BaTiO3 – CoFe2O4
nanostructures, heteroepitaxial strain arises during the
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growth of the nanostructures due to the lattice mismatch
of CoFe2O4 nanopillars with the substrate and with the
BaTiO3 matrix. Since CoFe2O4 has a significantly large magnetostriction, we believe that the heteroepitaxial strain
plays a primary role in the magnetic anisotropy of the
BaTiO3 – CoFe2O4 nanostructures.
Figure 1 shows the x-ray diffraction 共XRD兲 -2 spectra
obtained from the nanostructures grown at 700, 800, 850,
and 900 ° C. All the films that were compared have the same
film thickness of 400 nm. The XRD spectrum of the sample
grown at 700 ° C shows a single perovskite phase. Further
transmission electron microscopy 共TEM兲 studies indicated
that the film has a supersaturated BaTiO3 phase and is het-

FIG. 1. 共Color online兲 X-ray diffraction -2 spectra obtained from the
films grown at temperatures of 700 ° C 共bottom 1st兲, 800 ° C 共bottom 2nd兲,
850 ° C 共bottom 3rd兲, and 900 ° C 共bottom 4th兲. Note: The intensity of spectra was plotted in arbitrary units 共AU兲 and the dash lines are guides for the
eyes.
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FIG. 2. 共Color online兲 Raman spectra obtained from samples grown at
800 ° C 共top 1st兲, 850 ° C 共top 2nd兲, and 900 ° C 共top 3rd兲 and CoFe2O4
spectrum 共top 4th兲 for comparison.

eroepitaxial with the substrate. No nanopillar type of structure was observed in these films. We believe that the lack of
phase separation at low growth temperature is due to the
kinetic limitation. For the films grown at 800 ° C and above,
we observe CoFe2O4 nanopillars heteroepitaxially embedded
in a BaTiO3 matrix 共detailed three-dimensional growth has
been reported earlier13兲. The CoFe2O4 pillars are compressively strained out of plane, and this strain increases as the
growth temperature decreases. This is indicated by a systematical shift of the CoFe2O4 共004兲 spectrum to a higher angle
as the growth temperature decreases. We also observed that
the peak position of BaTiO3 matrix remains essentially the
same 共with negligible strain兲 for all the films. We believe that
this compressive strain in the CoFe2O4 nanopillars is induced
by the lattice mismatch with the BaTiO3 matrix and not from
the SrTiO3 substrate. A heteroepitaxy induced tensile strain
along CoFe2O4 nanopillars is expected for a heteroepitaxial
film on the SrTiO3, since the unit cell of SrTiO3 共a
= 3.91 Å兲 is smaller than a half unit cell of CoFe2O4
共a = 8.38 Å兲. However, such strain should be relaxed in a
film with thickness of 400 nm. In addition, we have found
that CoFe2O4 nanopillars in a BaTiO3 matrix grown on MgO
共a = 4.23 Å兲 substrate are also under out-of-plane compressive strain, further confirming that the origin of the strain is
from the constraint that is imposed by the BaTiO3 matrix and
not from the substrate.
Concurrently, TEM observations confirm that the average diameter of the nanopillars decreases with decreasing
deposition temperature. The lateral size of the CoFe2O4 pillars decreases from about 70 nm in films grown at 950 ° C to
about 9 nm in films grown at 750 ° C. The separation between the pillars also decreases at lower growth temperature.
A lower density of dislocations was observed at the interface
in films grown at lower growth temperature than at higher
growth temperature, which suggests that the latticemismatch-induced strain is relaxed by forming dislocations
at the interface.
The heteroepitaxial strain 共specifically, the in-plane
strain兲 in the nanostructures was further studied by Raman
spectroscopy. Figure 2 presents Raman spectra for samples
grown at 800, 850, and 900 ° C and, for comparison, a spec-
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trum of a 400 nm thick relaxed CoFe2O4 film. The results
can be summarized as follows: 共i兲 The signal from the nanostructures is dominated by Raman scattering from the
CoFe2O4 pillars, due to the intrinsically lower Raman scattering of BaTiO3. 共ii兲 The spectral fingerprint of the pillars is
similar to the CoFe2O4 thin film reference data and bulk data
from literature,14 suggesting that the pillars adopt the bulk
crystal structure. The differences in the spectra between
nanostructures and the thick CoFe2O4 reference film are due
to scattering from the SrTiO3 substrate. 共iii兲 A closer inspection of the thin film spectra shows that most Raman bands
present a low-wave-number shift when going from the 900 to
the 800 ° C sample. The inset of Fig. 2 illustrates a shift of
⬇6 cm−1 towards lower wave numbers for the strong band at
795 cm−1. Such strain-induced band shifts are consistent
with the above-described changes in the XRD data. As it was
reported for perovskite films,15–17 Raman scattering is characteristic of the in-plane tensile strain, while the XRD data in
Fig. 1 characterize the out-of plane compressive strain. In
order to estimate the induced strain, we can use Raman data
from hydrostatic pressure experiments, which are available
in the literature for CoFe2O4.14 Hydrostatic pressure experiments, of course, cannot truly monitor biaxial strain in thin
films; nevertheless, it has been shown in literature that it can
be used to provide a reasonable estimate of the strain
state.15–17 On the basis of this hypothesis, the high-pressure
data allow the identification of the strain in the thin CoFe2O4
pillars of the 800 ° C film as a tensile strain, with respect to
bulk CoFe2O4, of roughly 2 GPa 共the 795 cm−1 band
with a Grüneisen parameter ␥ = 0.41 shifts at a rate of
3 cm−1 / GPa兲.14 Finally, we note the Raman bands of the
800 ° C film present a larger linewidth than the other films,
which we attribute to a decreasing coherence length with
decreasing lateral size of the pillars.
Figure 3共a兲 shows the in-plane 共with the applied magnetic field along the 关100兴 direction兲 and out-of-plane 共magnetic field along the 关001兴 direction兲 magnetization 共M兲 versus field 共H兲 loops of the nanostructures grown at 900 ° C.
The magnetization was normalized to the volume fraction of
CoFe2O4 共35%兲. A large uniaxial magnetic anisotropy with
an easy axis along the 关001兴 direction of the films is observed. A linear extrapolation of the in-plane magnetic loop
yields an anisotropy field of about 51 kOe. In order to explore the origin of the large magnetic anisotropy of the embedded CoFe2O4 pillars, several factors were considered.
Firstly, the magnetocrystalline anisotropy is neglected between the 关001兴 and 关100兴 directions of CoFe2O4. Secondly,
we calculated the shape anisotropy contribution for the
CoFe2O4 nanopillars. Since they have a typical aspect ratio
of about 10, the demagnetization factor18,19 for a cylinder
with aspect ratio of 10 is Nz = 0.0172. The associated
anisotropy energy density is Eshape = 2共Nx − Nz兲M s2, where
Nx = 共1 − Nz兲 / 2. For a saturation magnetization 共M s兲 of
360 emu/ cm3, the shape anisotropy field is calculated to be
Hshape = 2Eshape / M s = 2.0 kOe, which is much smaller than the
experimentally observed value. Thirdly, the heteroepitaxial
strain in the CoFe2O4 lattice contributes to the magnetic anisotropy through magnetostriction and gives rise to magnetoelastic energy as calculated below. For the film grown at
900 ° C, since a compressive strain along the 关001兴 direction
共001兲 of the CoFe2O4 pillars is about 001 = −1.1%,
the magnetoelastic energy density associated with this stress
is
e = −3001001 / 2 = −3001Y001 / 2 = 7.88⫻ 106 erg/ cm3,
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different. It shows a considerably suppressed magnetization
and an in-plane anisotropy, which is not compared with the
nanostructures.
In summary, BaTiO3 – CoFe2O4 nanostructures show a
large uniaxial anisotropy with an easy axis along the film
growth direction. There is a systematic increase of strain in
CoFe2O4 pillars and an increase of magnetic anisotropy
when the growth temperature of the nanostructure decreases.
We believe that the heteroepitaxial induced anisotropy is the
main contribution to the large anisotropy field. A detailed
study on the effect of magnetic anisotropy on the strength of
magnetoelectric coupling is of great value to further explore
the multiferroic nanostructures.
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FIG. 3. 共Color online兲 共a兲 Out-of-plane 关001兴 共䊏兲 and in-plane 关100兴 共쎲兲
magnetic hysteresis loops from a BaTiO3 – CoFe2O4 nanostructure thin film
grown at 900 ° C. 共b兲 Heteroepitaxial strain 共䊏兲 and magnetic anisotropy
关experimental 共쎲兲, stress induced anisotropy 共䉲兲, and shape anisotropy 共䉱兲兴
of the films grown at various temperatures.

where 001 is the magnetostriction coefficient of CoFe2O4
共taken to be 001 ⬃ −350⫻ 10−6兲 and Y is Young’s modulus
共141.6 GPa兲.20 An anisotropy field of Hstress = 2e / M s
= 44 kOe was obtained. A total estimated anisotropy 共Hstress
+ Hshape兲 is of about 46 kOe, which is comparable to our
experimentally observed value of 51 kOe.
We observed an increase in this magnetic anisotropy as
the growth temperature decreases. Similar calculations on
magnetic anisotropy using the compressive strain obtained
from XRD have been carried out. Figure 3共b兲 shows the
calculated stress anisotropy, shape anisotropy, and experimentally observed values of magnetic anisotropy for the
films grown at 800, 850, 900, and 950 ° C, illustrating that
the heteroepitaxial strain-induced anisotropy is the main contribution to the experimentally measured magnetic anisotropy. The discrepancy between the calculated and experimental values for the anisotropy field of the film grown at
800 ° C may be induced by the linear extrapolation of the
experimental value and/or more complex phenomena due to
the smaller spacing between the pillars, such as dipolar interactions among the CoFe2O4 pillars, etc. We point out that
the magnetic properties of the nanostructures are highly dependent on their structures. In this study, BaTiO3 – CoFe2O4
nanostructures grown at different temperatures were carefully selected to make sure that they have the same film
thickness, similar shape of nanopillars, and threedimensional heteroepitaxial features. The magnetic behavior
of the thin films with a supersaturated phase is dramatically
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