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We report the growth and characterization of exchange bias and spin valve heterostructures based on
the multiferroic antiferromagnet BiFeO3 on Si �001� substrates. Using Co0.9Fe0.1 as the ferromagnet,
we demonstrate heterostructures with large negative exchange bias and negligible training �or a
decrease in exchange bias field as a function of repeated magnetic cycling� at room temperature. We
additionally report the manufacture of spin valve structures that have been found to have current
in-plane magnetoresistance of over 2.25% at room temperature. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2801695�

Devices based on having the ability to electrically con-
trol exchange bias have been proposed;1 however, an under-
standing of the appropriate materials necessary to make this
a reality did not exist until very recently. With the rebirth of
interest in multiferroic materials,2–5 especially magnetoelec-
tric materials, where there is coupling between magnetic and
electronic order parameters, much attention has been given
to understand how to integrate these materials into devices.
Central to these studies are materials such as the magneto-
electric antiferromagnetic BiFeO3 �BFO�,6 whose high order-
ing temperatures �Néel temperature of �640 K �Ref. 7� and
ferroelectric Curie temperature of �1100 K �Ref. 8�� have
made it a prime candidate for device integration. Further-
more, recent experiments have demonstrated a direct interac-
tion between the magnetic and ferroelectric order parameters
in BFO and the ability to electrically switch the nature of the
magnetic domain structure in this material.9 At the same
time, much work has been completed to understand how to
grow high quality, fully epitaxial, single phase thin films of
BFO on various substrates, including Si.10 This has in turn,
opened a possibility for creating functional devices. By un-
derstanding how the interesting functionality of multiferroic
materials can be used to achieve goals such as electrically
controlling magnetism, we offer a pathway to logic, memory,
and spintronic devices.

One avenue with which this may be achieved is through
the creation of an exchange coupled heterostructure based on
multiferroics. Exchange bias, or a unidirectional exchange
anisotropy which is associated with an anisotropic exchange
interaction that occurs across the interface between a ferro-
magnet and an antiferromagnet, has been the focus of much
research since its discovery in 1956.11 The formation of a
unidirectional anisotropy and exchange bias can intuitively
be explained by thinking of the ferromagnetic layer behaving
as if it had and extra �internal� biasing field. Thus, the energy
required to switch the magnetization antiparallel to the
imaginary internal biasing field is larger than the energy re-

quired to switch the magnetization parallel to the imaginary
internal biasing field �an excellent treatment of exchange
bias can be found in Nogués and Schuller�.12 To date, ex-
change bias remains a static property, but the combination of
traditional magnetic materials with multiferroics could be
one pathway to realize electrically controllable exchange
bias systems. At the heart of this concept are two types of
coupling: intrinsic and extrinsic. The intrinsic coupling refers
to the coupling between order parameters within a multifer-
roic material, such as BFO, where previous studies have
shown that the application of an electric field, which changes
the ferroelectric polarization can also change the nature of
magnetism in the material.9 The extrinsic coupling refers to
the exchange coupling between magnetic order in the multi-
ferroic material and the magnetic order in a traditional ferro-
magnet. Implied in this is that electric fields applied to the
multiferroic material will effect changes on the magnetic or-
der of the coupled ferromagnet. Taking full advantage of the
intrinsic coupling between order parameters in a multiferroic
and the extrinsic coupling between the magnetic order in the
multiferroic and the coupled ferromagnet layers could lead to
intriguing functionalities.

To date there have been only a few studies investigating
exchange bias with multiferroic materials including YMnO3
�Refs. 13 and 14� and BFO �Refs. 15–17� that have shown
exchange bias with such systems can be demonstrated in a
static manner. Dynamic switching of the exchange bias field
with an applied electric field, however, had remained elusive
until a recent report by Laukhin et al. focusing on YMnO3 at
very low temperatures.18 Despite such promising results,
however, no researchers have demonstrated this functionality
at room temperature or integrated these structures on Si sub-
strates to pave the way for device trials.

Growth of thin films of BFO and the bottom electrode
SrRuO3 �SRO� were completed by pulsed laser deposition at
700 °C in 100 mTorr partial pressure of oxygen and cooled
in 1 atm of oxygen. The films are grown on SrTiO3 �STO�
buffered Si �001� substrates. The substrates are produced by
growing a high quality, strained 20 Å layer of STO on a Sia�Electronic mail: lwmartin@berkeley.edu
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�001� wafer using molecular beam epitaxy. X-ray diffraction
analysis of a BFO/STO/Si �001� structure �Fig. 1�a�� shows
high quality, single phase, 00l films of BFO. Previous studies
have shown that the pseudocubic lattice of BFO is rotated by
45° in-plane relative to the underlying Si substrate leading to
the following epitaxial relationships �using the pseudocubic
notation for BFO�: �100�BFO� �110�Si, �010�BFO� �−110�Si, and
�001�BFO� �001�Si.

10 The ferroelectric domain structure of the
BFO/SRO/STO/Si �001� heterostructures was imaged using
piezoforce microscopy �PFM�. The in-plane PFM contrast
�Fig. 1�b�� shows the presence of a four-variant
“mosaic-like” domain structure. Because BFO is a rhombo-
hedrally distorted perovskite ferroelectric material with the
polarization lying along the pseudocubic �111� we can
interpret the three colors seen in the image as arising from
polarizations pointing along all of the possible �111�. The
out-of-plane component of the image �not shown� is consis-
tent with a fully downward polarized �pointing toward the
bottom electrode� film. PFM imaging reveals that these films
exhibit a mixture of all four-possible downward pointing,
in-plane polarization variants which we call a “mosaic”
domain structure. This complicated domain structure may be
the result of the tensile stress due to thermal mismatch
between Si ��Si�3�10−6 deg−1� and many oxides
��BFO�1�10−5 deg−1�.10 The large thermal stress during
growth and cooling of the film may result in the formation of
the highly complex domain structure observed in PFM which
may help accommodate this stress. Additionally, previous re-
ports have shown that similar films have good ferroelectric
properties10 and these samples behave similarly. Z-contrast
transmission electron microscopy �TEM� images reveal that
smooth interfaces extend through the films over large areas
�Fig. 1�c��. Furthermore we can identify the presence of both
ferroelectric domain walls running throughout the BFO layer
as well as dislocations in the BFO film arising from the
mismatch between BFO and Si substrate. Despite the pres-
ence of defects in the films as imaged via TEM, both the
SRO and BFO films are fully epitaxial on the STO buffer
layer, which serves as an excellent template for the integra-

tion of complex oxides on Si wafers, and rotated by 45° from
the underlying Si substrate.

Following the growth of the BFO/SRO/STO/Si �001�
heterostructures the samples were transported to a vacuum
sputtering system with a base pressure of 5�10–9 Torr,
where the ferromagnetic metal—Co0.9Fe0.1 �CoFe� and cap-
ping �Ta� layers were grown. Growth of the CoFe films was
completed in an applied magnetic field, Hgrowth=200 Oe,
which allows us to induce a uniaxial anisotropy in the films.
Both bilayer CoFe �2.5 nm� /BFO �100–200 nm� and asym-
metric spin valve structures CoFe �2.5 nm� /Cu �2 nm� /CoFe
�5 nm� /BFO �100–200 nm� were grown and characterized.
Previous analysis has demonstrated that there is no evidence
for the oxidation of the CoFe films following the growth.19

Magnetic measurements were completed on both bilayer
and spin valve structures using a loop tracer, vibrating
sample magnetometer, and SQUID magnetometer. Magneti-
zation hysteresis loops for the bilayer structures �Fig. 2�a��
reveal classic exchange bias behavior. We have measured
negative exchange bias fields �HEB� between 135–165 Oe in
magnitude. Rotation of the sample and measurement antipar-
allel to the applied growth field direction reveals the corre-
sponding shift of the hysteresis loop in the opposite direction
and points to a ferromagnetic alignment between the pinned,
uncompensated spins in BFO and the CoFe spins. Measure-
ment along the direction perpendicular to the applied growth
field directions reveals a hard axis for the sample. Addition-
ally, exchange bias systems have traditionally suffered from
something known as the training effect.12 Training refers to a

FIG. 1. �Color online� Structural analysis of typical BiFeO3 films on Si
�001� substrates. �a� X-ray diffraction. �b� In-plane piezoforce microscopy
image shows the presence of all four in-plane polarization variants in these
BFO films. �c� Transmission electron microscopy image.

FIG. 2. �Color online� Typical magnetic properties for bilayer CoFe/BFO
heterostructures. �a� Magnetization hysteresis loops reveal large negative
exchange bias. �b� Repeated magnetic cycling results in very little change in
the magnetic properties. �c� Exchange bias field and coercive field as a
function of magnetic cycle—no training effect is observed.
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systematic decrease in the magnitude of HEB with repeated
magnetic hysteresis often within the first few magnetic
cycles. We have completed over 14 000 magnetic cycles on
our bilayer structures and have observed very little change in
the magnetic properties. Figure 2�b� shows snap shots of
magnetic hysteresis loops taken after various lengths of time
�measurements were completed antiparallel to the applied
growth field direction�. In all cases the shape and shift of the
magnetic hysteresis loop remain nearly identical. Both the
magnitudes of HEB and the coercive field �HC�, defined as the
width of the hysteresis loop a zero magnetization divided by
2, are found to be nearly constant even after 14 000 magnetic
cycles �Fig. 2�c��. This analysis points to the strong nature of
the coupling between the BFO and CoFe layers and the ro-
bust nature of the anisotropy in this system.

The asymmetric spin valve structures studied consist
of the following: �5 nm�Ta/�2.5 nm�CoFe/�2 nm�Cu/�5
nm�CoFe/�150 nm�BFO/�50 nm�SRO/�2 nm�STO/Si �001�
�Fig. 3�a��. Through the use of scanning transmission elec-
tron microscopy �STEM� we can investigate the high quality
nature of the heterostructure. The interfaces between both the
BFO and the CoFe and between the various metallic species
�Cu and CoFe� are very smooth and show very little inter-
diffusion. Metallic layers �Cu and CoFe� appear to be either
amorphous or nanocrystalline. This, in turn, provides us with
an excellent system to probe the possibility for creating spin
valve devices with multiferroic antiferromagnets. Magnetic
measurements reveal that there are two switching events
coming form the thin and thick layers of CoFe as well as a
negative shift of the hysteresis loop by 40–50 Oe �Fig. 3�b��.
The magnitude of this shift is typical for single layer 5 nm
CoFe films grown on BFO. A maximum current-in-plane
magnetoresistance of �2.25% was measured in these spin
valve structures; however, the double peak structure of the
magnetoresistance would likely make this system unsuitable
for devices. Previous studies17 suggest that the growth of a
top BFO layer might lead to better performance in such
structures, but the high temperature epitaxial growth of BFO
films is unlikely on metallic layers and will, therefore, limit
this undertaking.

This work demonstrates that exchange bias with multi-
ferroic materials and the construction of simple device struc-
tures, such as spin valves, can be integrated with Si. The next
step is to determine the best process to achieve electrically
tunable properties in such systems. Previous work has dem-
onstrated the capability to manipulate the magnetic domain

structure of BFO using applied electric fields. The combina-
tion of this capability with traditional exchange interactions
between an antiferromagnet and ferromagnet can serve as a
pathway to functionality and device capabilities. Currently
research is underway to investigate the possibility of dy-
namically switching and controlling the nature of the
coupled ferromagnet by applying electric fields to the under-
lying BFO film.

In conclusion, bilayer CoFe/BFO and asymmetric spin
valve CoFe/Cu/CoFe/BFO structures have been produced
in which the application of an applied magnetic field during
the growth of the ferromagnetic films results in the formation
of exchange anisotropy on Si substrates. Exchange bias fields
over 150 Oe in magnitude �the largest to date� have been
observed and no reduction in the magnitude of the exchange
bias has been observed with over 14 000 magnetic cycles at
room temperature. Additionally, spin valve structures have
also been shown to exhibit �2.25% magnetoresistance �the
largest to date in a BFO based structure� at room tempera-
ture. Finally, these results are promising for the continued
study of BFO and multiferroic based magnetic devices and
for the eventual production of an electrically tunable mag-
netic device.
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FIG. 3. �Color online� Spin valve structures based on CoFe/Cu/CoFe/BFO
heterostructures. �a� Schematic illustration and scanning transmission elec-
tron microscopy image �b� Magnetic hysteresis loops of spin valve struc-
tures. �c� Current-in-plane magnetoresistance measurements.
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