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Single Fe�001� films �30 nm thick� have been epitaxially grown on ferroelectric BaTiO3 /
SrTiO3�001� substrates at different growth temperatures to study the mutual interaction between the
multiferroic components. This paper reports on the as-grown magnetic properties of the structures
as a precursor to a full investigation of the multiferroic interactions. Ferromagnetic resonance
measurements were carried out at 36 GHz cavity and variable frequency microstrip resonators. Dual
resonance modes are observed in the film, which are attributed to relaxed Fe in the film interior and
strained Fe at the interface. Fourfold anisotropy is present for both modes with energy density
consistent with that of bulk Fe. The interface mode is characterized by a large out-of-plane
anisotropy comparable and opposite in sign to the shape anisotropy. This strained interfacial Fe
should serve to couple the multiferroic components in this system. Dispersion curves show both
optic and acoustic branches along the hard axis �110�, with the optic branch resulting from
resonance below saturation, indicating high quality Fe in these samples. Growth temperature has
minimal influence on the observed anisotropy energies. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2834243�

INTRODUCTION

Given the mix of electric and magnetic influences in
modern electronics, the multiferroic effect,1 which involves
one or more of ferroelectric, ferromagnetic, and ferroelastic
materials, has been the subject of considerable recent
interest.2,3 Novel multiferroic materials4 including artificial
layered structures5 consisting of different ferroic components
are of particular interest.6 Herein we report on the static and
dynamic magnetic properties of as-grown, epitaxial ferro-
magnetic Fe films on ferroelectric BaTiO3 /SrTiO3�001�
buffer/substrates.

EXPERIMENTAL

A series of Fe �30 nm� films has been epitaxially grown
on a BaTiO3�100 nm�SrTiO3�001� buffer/substrate by mo-
lecular beam epitaxy at different temperatures �20, 100, 200,
and 350 °C�. X-ray data showed single crystal �001� oriented
growth except for Tg=350 °C, where there exist two do-
mains, �001� and �211�. Structure data show that all the Fe
films are relaxed. Atomic force microscopy measurements
revealed island morphology with larger islands and deeper
valleys with increasing growth temperature. Magnetization
loops are measured with conventional vibrating sample mag-
netometry, and ferromagnetic resonance �FMR� measure-
ments were performed in a 36 GHz cavity and on a variable
frequency microstrip device.

III. RESULTS AND DISCUSSION

Figure 1 shows magnetization loops along �110� and
�100� for the sample grown at 20 °C. The loop displays a
hard-axis saturation field of approximately 640 Oe, consis-
tent with values for bulk single crystal Fe.7 Results for the
other samples are similar, with slight variation in the 350 °C
sample due to the twinned Fe.

The in-plane anisotropy is best determined by FMR at
36 GHz, where the magnetization is aligned with the field at
all angles. These data, shown in Fig. 2 for the sample grown

a�Electronic mail: yuc@muohio.edu.
FIG. 1. Magnetization hysteresis loops along �110� and �100� for an
Fe /BaTiO3 /SrTiO3 film grown at 20 °C.
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at 20 °C, reveals two resonances, each showing a simple
fourfold anisotropy with peak-to-peak amplitude of approxi-
mately 1000 Oe. Also shown in the figure are the fits, based
on the Landau–Lifshitz equation of motion,8 using the en-
ergy expression

E = − MH�sin � cos�� − �H�� − �2�M2 + Ku�sin2 �

+ K4 sin2 2� sin2 � , �1�

where the first term is the Zeeman energy �M =1700 emu /
cm3� � and �H are the azimuthal angles that M and H make
with the easy axis, respectively, and � is the out-of-plane
angle; the second is the out-of-plane shape anisotropy with
Ku the additional out-of-plane term; the third is the in-plane
fourfold anisotropy energy. The resonance equation is de-
rived from the following well-known expression:9
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The fit, using K4 and Ku as adjustable parameters, gives the
first order fourfold anisotropy constants of 1.35�105 and
1.23�105 ergs /cm3 for the two peaks, respectively, which
are consistent with that of bulk single crystal Fe �Ref. 10�
�1.05�105 ergs /cm3�. The additional out-of-plane aniso-
tropy values, Ku, are 1.9�106 ergs /cm3 �10% of 4�M� and
−1.37�107 ergs /cm3 �75% of 4�M� for the film interior and
interface, respectively. This small peak with large out-of-
plane anisotropy likely arises from strained Fe at the inter-
face with the ferroelectric material. This strained Fe prom-
ises to provide the desired coupling between the multiferroic
components in the system. Results for samples grown at el-

evated temperatures of 100, 200, and 350 °C are shown in
Table I. The anisotropy values derived from the two modes
for all samples are comparable, indicating no appreciable
influence of growth temperature on magnetic properties of
both the Fe film and interface.

Measurements were made as a function of frequency to
map out the frequency/field dispersion relation. Representa-
tive raw spectra �along the hard �110� axis� and angular data
are shown in Fig. 3. At 15 GHz one mode is observed whose
in-plane angular dependence is distorted relative to that ob-
served at 36 GHz by the nonsaturation of M with field
around the hard direction. Below approximately 11 GHz,
two modes are observed in the �110� direction. These modes
merge with decreasing frequency, until the resonance disap-
pears entirely below approximately 7 GHz. The angular de-
pendence of the high field mode becomes increasingly
peaked around �110� with decreasing frequency, which again
is due to resonance far from saturation. Interestingly, at low
frequencies �7.5 GHz in Fig. 3�, the angular range for ob-
serving resonance is extremely narrow. The two modes
merge within 5° of the hard axis and disappear altogether
beyond that. The dual-mode behavior can be understood if
one observes the dispersion curves in both the easy and hard
in-plane directions shown in Fig. 4. Acoustic-type modes are
observed for both easy- and hard-axis resonances, but below
the saturation field �approximately 640 Oe� an optic-type
mode is observed along the hard axis. This latter mode arises
from resonance in the unsaturated state as observed in other
single crystal systems11,12 and as demonstrated in the follow-
ing model. Below the saturation field in the hard direction,
the assumption �=�H made in obtaining Eq. �3� must be
relaxed. Prior to determining the resonance condition, the
equilibrium in-plane angle ��� of the magnetization must be
obtained and is given, in the case of Eq. �1�, by the transcen-
dental equation

2K4

M
sin 4� = H sin�� − �H� . �4�

The resonance about each equilibrium position is evaluated
using Eq. �2�, yielding

FIG. 2. Typical ferromagnetic resonance field as a function of in-plane
angle. The solid lines are fits to the data based on a model described in the
text. Both film interior and interface modes show fourfold anisotropy com-
parable to bulk Fe.

TABLE I. Magnetic anisotropy data derived from 35 GHz resonance for
samples grown at different temperatures for both interior and interface
modes.

Tg �°C� 20 100 200 350

Interior mode
K4 �105 erg /cm3� 1.35 1.31 1.3 1.3
Ku �106 erg /cm3� 1.9 2.1 2.2 1.9

Interface mode
K4 �105 erg /cm3� 1.23 1.2 1.2 1.22
Ku �107 erg /cm3� −1.37 −1.3 −0.93 −1.1
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The calculated dispersions along �100� ��H=0� and �110�
��H=45� are plotted in Fig. 4 as solid lines, showing close
agreement with the data. The hard-axis calculations required
a 2° misalignment between �H and the hard-axis direction to
best fit the data. It has been shown that the sharpness of the
dispersion curve minimum at the hard-axis saturation is ex-
tremely sensitive to such misalignments.13 The sharp angular
dependence in the dual mode region at low frequencies is a
result of this extreme sensitivity. The observed dispersion
explains the existence of a dual-mode resonance along the

hard direction in a well-defined frequency range and a single
mode at higher frequencies. Dispersion curves obtained from
samples grown at 100, 200, and 350 °C did not differ sub-
stantially from that displayed in Fig. 4.

In summary, we have demonstrated that high quality,
single crystal Fe has been grown epitaxially on ferroelectric
BaTiO3 /SrTiO3�001� with magnetic properties closely ap-
proximating those of bulk Fe. In addition, it appears that the
interfacial Fe is modified from that in the interior, potentially
providing the desired coupling between the multiferroic
components in the system. This characterization forms the
foundation upon which future investigations of magnetoelec-
tric effects will be undertaken.
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FIG. 3. Left row: ferromagnetic resonance spectra at
different low microwave frequencies measured on a mi-
crostrip. Right row: angular dependence of resonance
field at low frequencies.

FIG. 4. Dispersion curves along the easy axis �100� �open circles� and hard
axis �110� �closed circles�. Lines indicate calculations based on a model
described in the text.
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