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Exchange bias may be used to couple a normal ferromagnet to a ferroelectric antiferromagnet and
thus create a multiferroic system with nonzero magnetization. In implementing this idea the authors
developed a synthesis method for composite films of nanoscale clusters of ferromagnetic MnFe,O,
embedded in multiferroic Mn-doped BiFeO;. The method utilizes the Bi volatility to obtain the
composite films via thermal annealing of multilayers composed of BiFeO; and BiMnOj;. The cluster
size varies from 20 to 80 nm depending on the film thickness. The composite films possess both
ferroelectric and ferromagnetic properties; the magnetic hysteresis curves, in particular, manifest
exchange bias. © 2007 American Institute of Physics. [DOI: 10.1063/1.2724909]

Multiferroic materials are being vigorously studied due
to their application potentials utilizing the magnetoelectric
(ME) effect, which is the induction of magnetization/
polarization with an applied electric/magnetic field."™ Most
significant multiferroics turned out to be ferroelectric antifer-
romagnets such as BiFeO;. Since antiferromagnets are of
limited value in applications, ferroelectric ferromagnets are
desired; however, this kind of materials are not common.
Multiferroic BiMnO5; may be a rare example with a large
saturated magnetization of 3.6u5/Mn, but this material has a
rather low magnetic Curie temperature (T~ 105 K).*

To circumvent the problem, there have been efforts to
utilize exchange bias.>® Exchange bias refers to the phenom-
enon occurring in ferromagnet/antiferromagnet heterojunc-
tions, where the exchange interaction through the interface
causes magnetization to possess a preferred direction and the
M-H (magnetization versus magnetic field) curve to shift to
the negative side. Consider a composite material consisting
of a ferroelectric antiferromagnet and a normal ferromagnet.
If exchange bias is in operation in the composite and a ME
coupling is present in the antiferromagnetic multiferroic, the
magnetization mostly from the ferromagnet would become
controllable.

Here we wish to report our efforts to implement ex-
change bias to enhance the magnetization change; composite
structures composed of multiferroic Mn-doped BiFeO; and
ferromagnetic MnFeO, were attempted and to this end a syn-
thesis method was developed. MnFeQy, is a ferromagnet with
T-~573 K. BiFeO; has ferroelectric 70~ 1110 K and anti-
ferromagnetic Ty~ 643 K; the magnetic order is basically of
G type (all neighboring ions couple antiferromagnetically)
with a spiral modulation.” Mn doping to BiFeO; has an ef-
fect of decreasing TN.8

The synthesis method we developed takes advantage of
self-assembly of nanoscale structures with resultant large in-
terface areas between the two materials.”"" The method
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takes advantage of the well-known volatility of Bi ions. We
first deposited [BiFeO3;/BiMnOs3], multilayer thin films us-
ing the pulsed laser deposition technique on SrTiO;(100)
substrates. BiFeO; was grown for 2 min and BiMnO; was
deposited for another 2 min successively; this bilayer was
repeated for n times. The wavelength, pulse rate, and fluence
of the laser were 266 nm, 4 Hz, and 2.5 J/cm?, respectively.
The substrate temperature was 585 °C and oxygen pressure
was 3 mTorr. Postannealing treatments were done for
90 min at the same temperature and oxygen pressure. The
volatility of Bi ions caused part of Bi ions to be lost from the
multilayer during both growing and postannealing periods.
Then consequent extra Mn and Fe ions induced a stable spi-
nel phase MnFe,0,. A variety of films with different n was
made and characterized. In what follows we shall present
various measurements carried out on two representative
samples with n=40 and 10, which are denoted as S40 and
S10, respectively.

It is noted that the deposition of BiFeO5; alone without
BiMnO; did not lead to a second phase under the same con-
ditions. It is also noted that pure BiMnOj thin films could not
be obtained above 500 °C due to Bi evaporation;lz’13 excess
bismuth in the target was required for BiMnOj thin films at
high temperatures. These results indicate that BiFeO; is
more stable against Bi loss.

First of all, surface morphology and cross-section im-
ages were examined by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The thicknesses of S40
and S10 were estimated, using the cross-sectional SEM im-
age and deposition time, to be 130 and 32 nm, respectively.
In Figs. 1(a) and 1(b) presented are the SEM surface images
of S40 and S10, respectively; the lateral direction is along
the substrate [ 100] direction. From Fig. 1(a) the coexistence
of two phases, loosely connected clusters, and underlying
matrix region is observed. The typical size of the clusters is
about 80 nm and the edge direction of the rectangular cluster
is parallel to the substrate [110] direction. Figure 1(b) shows
uniformly packed clusters residing in the matrix. The typical

© 2007 American Institute of Physics
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FIG. 1. SEM and AFM images for surface morphology of the composite
films: (a) and (c) for S40 and (b) and (d) for S10. (a) and (b) are from SEM
and (c) and (d) from AFM. Figures show that the two phases of the clusters
and background coexist in the films. From AFM scanning along the lines
indicated in (c) and (d), height variation shown is obtained. Local EDX
analysis reveals that the clusters in (a) marked by a solid circle does not
contain Bi, whereas the cross marked region does.

cluster size in this case is around 40 nm. The AFM images,
Figs. 1(c) and 1(d) for S40 and S10, respectively, presented
with the corresponding height variation, also show similar
features as those of SEM except that the AFM images may
contain tip convolution effects. While the typical cluster size
of S10 is around 40 nm, it decreases down to about 20 nm
for a very thin n=4 film. These results show that the typical
size of the clusters in the composite films is strongly related
to the film thickness, which in turn means that one can con-
trol the cluster size. It should be pointed out that the peculiar
morphology displayed in Fig. 1(a) occurred only when the
film thickness is larger than the consequent cluster size,
while the type of Fig. 1(b) is generally seen in the opposite
cases.

In order to identity the two phases of the composite
films, local energy dispersive x-ray (EDX) analysis and x-ray
diffraction (XRD) measurements were performed. The EDX
analysis, as indicated in Fig. 1(a), revealed an important fact
that no Bi exists in the cluster region in contrast to the Bi
containing matrix region. As for the XRD measurements,
Fig. 2(a) is the 6-26 scan for S10; similar results were ob-
tained for the films with different n. Note that only two kind
of crystalline peaks from the film are observed. From lattice
spacing determination the perovskite Mn-doped BiFeO5; and
spinel MnFe,O, could be assigned to the peaks. Combining
this with the SEM/EDX results, the clusters without Bi are
identified unequivocally as MnFe,0,, while Mn-doped
BiFeO; constitutes the matrix. The in-plane crystalline ori-
entations of the two phases are well aligned to the substrate
as ascertained from the fourfold symmetry of Fig. 2(b), the
azimuthal scan around the film normal. The (101) peaks from
the perovskite and substrate coincide, and the spinel (113)
peak is 45° off from the perovskite one.
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FIG. 2. (Color online) X-ray diffraction results for the composite film S10.
(a) 0-20 scan revealing the existence of two phases. (b) Azimuthal scans
with respect to the film normal for the representative peaks of the spinel
phase, the perovskite phase, and the substrate.

Turning to the physical properties of the composite
films, a piezoresponse force microscope (PFM) was used to
characterize the ferroelectric properties.14 Since bottom elec-
trodes are required for this purpose, metallic STRuO; buffer
layers were first deposited on substrates. A modulation volt-
age at 17 kHz (amplitude=0.5 V) and a dc bias voltage were
applied simultaneously between the probing platinum tip and
bottom electrode. In Fig. 3 presented are the piezoelectric
responses measured for a film, which is equivalent to S40 in
growth and treatment conditions, on a StRuO;/SrTiO; buff-
ered substrate. The PFM amplitude and phase, as a function
of bias voltage, show characteristic hysteric behaviors, and
this feature is taken as an evidence of ferroelectricity. A
slight imprint toward the negative electric field is caused by
the inequivalence between the SrRuO; bottom electrode and
the platinum tip. In Fig. 3(c) plotted is a phase contrast map-
ping with different poling fields; the bright and dark regions
represent polarizations pointing up and down along the sur-
face normal, respectively. Negative poling (negative voltage
to tip) induced the light region, whereas positive poling gave
rise to the dark region.

Next to the PFM measurements, M was investigated as a
function of H (in-plane [100] direction) and T (temperature)
with a vibrating sample magnetometer. M(T) was obtained
during cooling from 350 K under 1 kOe, and the M-H curve
at 5 K was measured after field cooling at 1 kOe. Figure 4,
the plot of M-H and M(T) for S40 and S10, shows that both
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FIG. 3. (Color online) PFM results of the film with a SrRuO; bottom elec-
trode. The thickness of the film is equivalent to that of S40. (a) The ampli-
tude and (b) phase of the PFM signal are shown as a function of bias
voltage. (c) Phase contrast mapping of a 8 X 8 um? area. The poling voltage
was —5 V for the light region in the center and +5 V in the surrounding dark
region.

samples exhibit clear ferromagnetism with 7~ above room
temperature. A relatively large M obtained for S10 is consis-
tent with its high cluster density. The M-H curves, Figs. 4(a)
and 4(b), illustrate that the center of the hysteresis loop is
shifted toward the negative side and thus indicate that ex-
change bias is in operation. In Figs. 4(c) and 4(d) presented
is M as a function of T; the slight down curvature of the
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FIG. 4. Magnetic properties of the composite films: (a) and (c) for S40 and
(b) and (d) for S10. The applied field direction was in plane. The M(T)
curves displayed as (c) and (d) were obtained during cooling from 350 K
under 1 kOe. All data are normalized to the entire sample volume (not
volume of spinel).
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M(T) curves at low temperatures seems to be caused by the
blocking behaviors of inevitable superparamagnetic compo-
nents. Note that M decreases, as T increases, almost linearly
above 150 K for both samples.

Of exceeding importance is, of course, to confirm that
the intended exchange bias effects are achieved in the com-
posite films. From the M-H curves the coercive fields H and
H® at 5 K (L denotes the left side and R does right) are
determined: =369 and 309 Oe for S40 and —470 and 367 Oe
for S10. Two quantities are of direct interest, that is, the
average coercivity (H*'=|HX~H"|/2) and the exchange bias
(H,=|H*+H"|/2). H* is calculated to be 340 Oe for S40
and 418 Oe for S10. The coercivity of S40 and S10 shows
the size dependence seen in other magnetic nanoparticles.15
More importantly, the exchange bias H, is obtained as —30
and —52 Oe for S40 and S10, respectively. (For a S4 film,
—90 Oe was obtained.) Note that while the exchange effect is
not extremely large, it does show a negative shift. The varia-
tion of H, with cluster size may be understood from a simple
balance of the exchange and magnetostatic energy:16 E.S
~MVH,, where E., is the interfacial exchange energy den-
sity and S and V are the interface area and volume of the
cluster. Then H,>S/V which explains the size dependence.
As for the smallness of H,, it seems to be related to the
G-type magnetic order of BiFeOs, whose spin arrangements
exposed on the interface are likely to include antiferromag-
netic ones. This would then cause partial cancelation of ex-
change bias effects. Obviously more controlled investigation
is needed and under way using bilayer and multilayer films.

In conclusion we developed a method for synthesizing
composite films composed of nanoscale clusters of ferromag-
netic MnFe,O, embedded in multiferroic Mn-doped BiFeOs;,
and demonstrated the multiferroicity and exchange bias ef-
fect of the films.

The authors wish to thank the financial supports from
KOSEF (2000-SRC).
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