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Abstract

We present direct observations of electric-field induced changes in the local ferromagnetic (F)
domain structure in films formed from inclusions of F cobalt in an antiferromagnetic host of
BiFeO;. Piezoelectric force microscopy was used to demonstrate that the composite
Co-BiFeOs films display ferroelectricity. Strikingly, magnetic contrast changes in

magnetic force microscopic images were found with the application of a

perpendicular electric field. These are the results of an exchange interaction

between Co and BiFeOs.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Manipulation of the magnetization by an electric field is
promising for the development of spintronic devices [1-3].
For this reason there has been considerable recent interest in
magnetoelectric multiferroics. Among these, BiFeO; (BFO)
is the only room-temperature single-phase multiferroic. BFO
exhibits a ferroelectric Curie temperature (7¢) of ~1100K
and an antiferromagnetic Néel temperature (7y) of ~640K
[4,5]. Microscopically, BFO displays an incommensurate
antiferromagnetic ordering with a cycloidal wavelength A ~
600A [6]. It has been shown that a strong coupling
between ferroelectricity and antiferromagnetism (AF) takes
place in BFO: the antiferromagnetic easy-plane is changed by
switching the direction of the ferroelectric polarization [7, 8].
This effect has been used in CoFe/BFO bilayers to control
the direction of the magnetization of the ferromagnetic (F)
CoFe layer via electric-field control of the exchange bias at the
interface between the AF BFO and the F CoFe thin film layers
[3]. Inthis paper, we present direct observation of electric-field
induced local F domain changes in Co-BFO composite films
at room temperature through exchange interaction between
ferromagnet Co and antiferromagnet BFO.

0022-3727/10/165001+05$30.00

2. Experimental procedure

Co-BFO composite films, 800 nm thick, were grown on (00 1)
SrTiO; (STO) substrates using sputtering in 30 mTorr pure
Ar. A Bi-rich Bi; FeO; target was used to compensate for
the high vapour pressure of Bi at the substrate temperature
of 600°C. Co chips were placed on the Bi; ;FeOs target to
provide for Co doping. To characterize the electrical properties
of the films, a 100nm thick SrRuO; layer was deposited
on the STO substrate to form a lower conducting electrode.
Co concentration was analysed by an energy dispersive
spectrometer (EDS). The crystal structure of the films was
characterized by x-ray diffractometry (XRD). The magnetic
properties were measured using an alternating gradient force
magnetometer (AGM). Magnetic images were obtained by
magnetic force microscopy (MFM). Piezoelectric response
data were acquired by piezoelectric force microscopy (PFM).
All experiments were conducted at room temperature.

3. Results and discussion

Figure 1 shows a 8-20 XRD scan of a Co,—(BFO);_, film
with x = 0.038 where x = 0.038 means 3.8 atomic% of Co.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. X-ray 620 scan of 800 nm thick Co—BiFeO; film
deposited on (00 1) STRuO;/SrTiO3 substrate. The three (00 1)
BFO/SRO/STO peaks are shown enlarged in the inset.
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Figure 2. M—H hysteresis loops of 800 nm thick Co-BFO films on
(00 1) SrTiO; substrates. The Co concentration (atomic per cent) is

shown in the figure. The inset shows a magnified view of the low
field data.

Only peaks corresponding to the (00/) peaks of BFO and the
(0002) peak of hcp Co were found showing that the film is
highly (00 1) textured. No evidence for the formation of any
oxide of Co, Bi, Fe or Co ferrite was found.

Figure 2 shows a comparison of the magnetization versus
in-plane field (M—H) hysteresis loops of two Co—BFO films
measured at room temperature with x = 0.004 and 0.038.
The two M—H loops were normalized by the saturation
magnetization in the positive field (Ms(+)). The inset in
figure 2 clearly shows a loop shift to the negative field direction
(—88 Oe) and a coercivity enhancement of the Co—BFO films.
Such behaviour related to the exchange bias effect could be
explained using the intuitive model proposed by Meiklejohn
and Bean [9, 10]. Given the exchange interaction between
the BFO and Co interfaces, if the coupling between the
uncompensated spins in the BFO film (with the rest of the
BFO film) is strong enough, the AF BFO will not change its
magnetic alignment at low fields and pin the F Co, so there
will be an exchange bias. On the other hand, if there is more

N"""L

Co in the sample, the coupling between the BFO and Co spins
could become stronger than the one between the spins within
BFO, so it is energetically more favourable that the spins at the
BFO/Co interface rotate together, contributing to the coercivity
enhancement, not to the exchange bias. The other interesting
point is the fact that the M—H loop with x = 0.004 shifts
upwards, i.e. the magnitude of the saturation magnetization in
the positive field direction is larger than that in the negative
field direction. Such a vertical shift tied in with the existence
of exchange bias field has been known to arise from the
pinned uncompensated antiferromagnetic spins at the interface
between antiferromagnet and ferromagnet [11, 12]. Therefore,
the observed vertical shift in this system implies the existence
of the pinned uncompensated BFO spins in the vicinity of
the embedded Co particles. It is worth mentioning that the
exchange bias is witnessed without an intentional field cooling.
The stray field of ~30Oe from a magnetron sputtering gun
during film fabrication seems to play arole [13, 14]. One might
postulate that the exchange bias arises from the formation
of antiferromagnetic cobalt oxide even though this was not
detected by XRD. However, no exchange bias field has been
observed in oxide passivated Co particles at 300K [15, 16].
Moreover, similar Co—STO films (x = 0.005 and 0.043) grown
on (00 1) STO substrates under the same deposition conditions
as the Co-BFO films exhibit no exchange bias, but the constant
coercivity of 50 Oe [17].

The coexistence of ferroelectricity and magnetism in our
Co-BFO films was revealed by PFM and MFM studies.
Figures 3(a) and (b) compare an out-of-plane phase PFM
image of a Co,—(BFO);_, (x = 0.038) film with that of a
pure BFO film. Firstly, a square region of ~5 x 5 um? was
written at +10 V and the central ~2 x 2 um? area was written
at the opposite voltage of —10V. Then the images shown
in figures 3(a) and (b) were taken. These correspond to an
area of ~4 x 4 um”. The images clearly show the oppositely
written regions establishing that both Co-BFO and BFO films
support ferroelectricity. Note that the pure BFO film is of
almost uniform contrast, whereas the Co-BFO film clearly
shows structure in both bright and dark areas, which might be
attributed to Co inclusions since Co is not ferroelectric.

We use MFM to explore the possibility of F inclusions
of Co in the Co-BFO films. Indeed, MFM reveal magnetic
contrast as shown in the images in figures 3(c) and (d), which
were taken in H = 0 after applying fields of +15kOe and
—15kOe, respectively. Note that the sample was removed
from the MFM to apply the field and then the same area was
located. One can clearly see that predominantly the dark spots
in figure 3(c) are changed into bright spots by reversing the
magnetic field. Therefore, we conclude that the dark and bright
contrasts correspond to oppositely magnetized Co dispersed in
the BFO film.

To investigate electric-field induced magnetization
changes, MFM images of the same area of the Co-BFO film
were taken in sequence after (a) application of a magnetic
field of +15kOe, (b) electrical poling at +12'V, (c) electrical
poling at — 12V and (d) electrical poling at +12 'V, as shown in
figures 4(a)—(d). Note that a nonmagnetic conductive tip was
used for electrical poling in contact mode, while a magnetic
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Figure 3. Out-of-plane phase PFM image of (a) Co-BFO film and (b) BFO film. MFM images of the identical Co-BFO film in (a) after
applying a magnetic field of 15kOe (b) up and (¢) down. The MFM images are from the same film area.

Figure 4. MFM images of the same area in the Co—-BiFeOj; film of figure 3 after (a) magnetizing the film in H = +15kOe, (b) after a first
electrical poling at +12'V, (¢) after a second electrical poling at —12 V and (d) after a third electrical poling at +12 V.

tip was used for probing the magnetic domain images (using (i) dark contrast unchanged (circle) and (iii) bright/dark
phase detection). After the first electrical poling, three types of  contrast becoming brighter (ellipse). Since the dark and bright
changes were observed in the magnetic contrast of the MFM  contrasts represent different directions of local magnetization
images: (i) dark contrast partly changed to bright (square), with respect to the magnetic tip, observations of changes in
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the MFM image contrasts imply rotations of magnetization
direction induced by the electric field.

The rotation of magnetization direction with the
application of an electric field is believed to be due to the
presence of two couplings: the exchange interaction between
Coand BFO and a coupling between the ferroelectricity and AF
of BFO. The ferroelectric polarization in BFO is aligned along
the (1 11) axes. Thus, in (00 1) BFO there are eight possible
domains. Consequently, the orientation of the polarization
can be switched by 71°, 109° and 180° from its original
orientation [18]. Since the moments in the antiferromagnetic
phase are oriented in the plane perpendicular to the ferroelectric
polarization direction, only changes in polarization direction
by 71° or 109° will change the antiferromagnetic order in BFO.
In addition, the change in the antiferromagnetic order induced
by a 71° polarization change is more complex than that of
a 109° change. For example, the sixfold degeneracy of the
orientation of the antiferromagnetic sublattice magnetization
within the (111) plane could be lifted in a strained BFO
film that was proved by XRD reciprocal space mapping data
of our (001) BFO film and the antiferromagnetic axis is
aligned parallel to the [1 —10] direction [8]. As the [1 —10]
direction is perpendicular to the [1 1 1] direction, in the case
of a 71° polarization change where the polarization orientation
rotates from [1 1 1] to [1 1 —1], the antiferromagnetic axis is
preserved, because the [1 1 —1] direction is still perpendicular
to [1 —10]. However, in a 109° polarization change where the
polarization orientation switches from [1 1 1]Jto [—1 1 —1], the
antiferromagnetic axis rotates by 90°, because the [—11 —1]
direction is not perpendicular to [1 —1 0]. The rotation of the
antiferromagnetic axis in BFO by the 109° polarization change
can give rise to a rotation of the Co magnetization direction
through exchange interaction between ferromagnet Co and
antiferromagnet BFO such as the areas indicated by the squares
and the ellipses. It was also found that the bright contrasts in
the areas in the squares and the ellipses of figure 4(b) became
fainter with the electrical poling of —12V and bright again
after the electrical poling of +12V, as seen in figures 4(c) and
(d), respectively.

On the other hand, no change of the antiferromagnetic
axis in BFO by the 71° or 180° polarization switching means
the absence of changes of magnetic domain contrasts such
as the area indicated by the circles. The area in the circles
remained unchanged during the entire processes. From the
PFM images, the out-of-plane component of the polarization
of the Co—(00 1)BFO film was indeed shown to be switched
on application of an electric field, implying the presence of
those ferroelectric polarization switching mechanisms in the
film. Therefore, we interpret the observed magnetic contrast
changes in MFM images to be due to exchange interaction
between ferromagnet Co and antiferromagnet BFO, which is
changed with an electric field.

We also consider elastic coupling between Co and BFO for
the observed electric-field induced F domain changes [2]. The
magnetoelastic energy density with an electrical poling of 12 V
could be approximately 1.2 x 10?>Jm~3, which is calculated
using Az3 ~ 2 x 107, d33 ~ 40pmV~! at I5SMVm™!
and Y ~ 100GPa [19-21]. The magnetic anisotropy energy

density Ep ~ 5.4 X 103 Im—3, which is calculated from the
M-H loop (figure 2), is much larger than the magnetoelastic
energy density Epe ~ 1.2 x 102Jm~3. Moreover, the MFM
images were taken after removing an electric field. Therefore,
we believe that the observed electric-field induced F domain
changes are not attributed to elastic coupling between Co
and BFO.

4. Conclusion

In summary, Co-BFO composite films were grown on
(001) STO substrates by co-sputtering of Co and BFO.
Comparison of magnetization versus field loops with those
from Co-STO films shows evidence for a loop shift and a
coercivity enhancement which we conclude from the exchange
interaction between Co and BFO. The BFO was found to
be ferroelectric from PFM. Magnetic contrast changes were
observed in MFM images with the application of an electric
field, directly providing evidence of an electric-field induced
change in the F domain structure. We ascribe these changes to
the exchange interaction between Co and BFO and the coupling
between ferroelectricity and the AF of BFO.
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