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Single-phase tetragonal-like BiFeO; (T-BFO) films with
thickness up to 480 nm have been successfully prepared on
(001) LaAlO; substrates using NdAlO; (NAO) as a buffer
layer. The monoclinic distortion increases on increasing the
thickness of T-BFO films. Negligible small exchange bias field
(Hg) (<8 Oe) has been observed in T-BFO/NiFe bilayers. The
insertion of a 2-nm thick Lag;Sr533MnO5; (LSMO) film
between NAO and BFO can keep the structure of single-phase
T-BFO. Strongly enhanced Hg and coercivity has been

1 Introduction BiFeO; (BFO), as a single-phase
multiferroic material, has attracted intensive research
interests due to the coexistence of above room-temperature
(RT) ferroelectricity (Tc_pg ~ 1103 K) and antiferromagnet-
ism (Ty~643K) [1] with the possible magnetoelectric
coupling (ME) [2]. The ME in multiferroic materials
provides the mutual control of magnetism and ferroelectrici-
ty, which has important applications in spintronics [3]. BFO
has a canted G-type antiferromagnetic (AFM) spin structure
with a weak ferromagnetic (FM) moment (~0.1 g Fe_l) [4].
There is a superimposed cycloidal modulation with a period
of about 62 nm, averaging the macroscopic magnetization to
zero [5]. The combination of ME in BFO and exchange
coupling with the FM layer has been suggested to be the
possible solution for the electrical manipulation of magne-
tism in spintronics [6, 7]. Much work has been done, and
significant exchange bias effect has been observed in BFO/
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observed below 100K in LSMO/T-BFO bilayer, which has
been attributed to the phase separation and coexistence of
antiferromagnetic and ferromagnetic phases in the ultrathin
LSMO layer due to the compressive strain exerted by the NAO
buffer layer. Our results clearly demonstrate that T-BFO cannot
provide an effective exchange bias field on the adjacent
ferromagnetic layer, and the possible explanation has been
provided.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FM bilayers with FM of NiFe, CoFe, CoFeB,
Lag 7Srg sMnOs, etc. [8-11]. However, the mechanism of
the exchange bias is still under exploration [10-14].

Most of the reported exchange bias is on the BFO with
R3c structure [10-16]. BFO has various structures, such as
tetragonal, orthorhombic, monoclinic, etc., by different ion
substation or epitaxial growth on different substrates [17-20].
Among them, the tetragonal-like BFO (T-BFO) with giant
cla ratio (~1.23) has attracted considerable interest due to its
expected large polarization (~150 wCcm™2) [21, 22], with
simpler and more efficient switching process in princi-
ple [23]. Most of the T-BFO films were grown on (001)
LaAlO5; (LAO) substrates, and single phase can only be
achieved with thickness below 40 nm [20, 24]. The thickness
limitation strongly hinders the complete study of the
ferroelectricity in T-BFO [19, 22]. Recently, Woo et al.
reported the growth of T-BFO films on NdAIO; (NAO)
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substrates, the strain relaxation and mixed-phase formation
have been significantly suppressed [25]. Furthermore, till
now, there is no report on the exchange bias of the T-BFO/
FM bilayers. In this paper, NAO was adopted as a buffer
layer on (001) LAO substrates and single-phase T-BFO films
with thickness up to 480 nm have been successfully grown
on it. The exchange bias in T-BFO/FM bilayers with FM of
Nig;Fe;9 (NiFe) and Lag ¢7Srg33MnO5; (LSMO) has been
systematically studied. Our results clearly demonstrate that
only negligible small exchange bias field (Hg) on the
adjacent FM layer can be achieved with T-BFO as the AFM
pinning layer.

2 Experimental details The BFO films of various
thicknesses were deposited on (001) LAO substrates with an
NAO buffer layer. All the oxide films were prepared by
pulsed laser deposition (PLD) using a KrF excimer laser. The
substrate temperature 7 was fixed at 880 °C with oxygen
pressure P, of 10 Pa for NAO, 700 °C with Po, of 7 Pa for
BFO, T of 880 °C with Po, of 40 Pa for LSMO during the
deposition. After deposition, the heterostructures were
annealed at 550 °C for 0.5h and then cooled to RT at Po,
of 1x10°Pa. The metallic layers were deposited by
magnetron sputtering at room temperature [16, 26, 27].
Before the deposition, the samples were kept in the high-
vacuum chamber through the night. The NiFe layer was
deposited under a magnetic field of 200 Oe. Ta as a capping
layer was finally deposited for protecting the NiFe layer from
oxidization. The thicknesses of the oxide films were
controlled by the laser pulse number with pulse energy of
300mJ and ex situ determined by scanning electron
microscope (SEM, FEI Inspect F50). The NAO thickness
was fixed at 70 nm. The NiFe layer thickness was fixed at
3.6nm. The thickness of BFO layer is 480 nm with laser
pulse number of 5000, which has been used to calculate the
deposition rate of BFO layer. The structure of the films was
characterized by X-ray diffraction (XRD, Rigaku Smartlab3)
with Cu Ka radiation. The magnetic hysteresis (M—H) loops
were measured by a commercial SQUID-VSM (Quantum
Design) from 10 to 300 K with an applied field parallel to the
film plane, after the samples were cooled from 300 to 10K
under a magnetic field of 2000 Oe. In order to obtain accurate
values of Hg and coercivity (Hc), care was taken to minimize
the residual magnetic field to below 3 Oe before measure-
ment. In this paper, 7 BFO films of various thickness were
selected as BFO-0 (0 nm), BFO-1 (48 nm), BFO-2 (96 nm),
BFO-3 (144 nm), BFO-4 (192nm), BFO-5 (288 nm), and
BFO-6 (480 nm).

3 Results and discussion Figure 1 shows the 6-20
XRD patterns of the BFO films of various thickness on
NAO-buffered (001) LAO substrates. As can be seen that
NAO (001) peak locates at the right side close to the LAO
(001) peak, which is due to the slight smaller pseudocubic
lattice constant of NAO (3.747 A) than LAO (3.789 10\) [25].
The diffraction peak corresponding to T-BFO can be clearly
observed at around 19° [20]. It has been reported that gradual
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Figure 1 The 6-20 XRD patterns of the BFO films on NAO-

buffered (001) LAO substrates. The intensity is displayed on Log

scale. The arrows mark the possible positions for the diffraction
peak of Mj and R phases.

16 17 18

structural transition might happen with increasing BFO
thickness on (001) LAO substrates. Extra M; phase
(c=4.17A) and R phase (c=3.96 A) might be observed,
and the T-BFO phase totally disappears with a film thickness
of 350 nm [20]. The possible locations of the diffraction
peaks corresponding to M; and R phases are marked by the
arrows. It can be seen that on adopting NAO as the buffer
layer, no diffraction peaks corresponding to M and R phases
can be observed and the sharp peak corresponding to T-BFO
can be clearly observed even with a BFO film thickness of
480nm. This suggests that the NAO buffer layer can
effectively suppress the strain relaxation and prevent the
formation of other phases, similar to the function of NAO
substrates. The c lattice constant of T-BFO is calculated to be
4626 A (BFO-1), 4.643A (BFO-2), 4.645A (BFO-3),
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4.643 A (BFO-4), 4.640 A (BFO-5), and 4.678 A (BFO-6),
which just falls in the range between the c lattice constants of
T-BFO films on LAO and NAO substrates. The ¢ lattice
constant slightly increases on increasing the thickness of
BFO films, which is different from that of T-BFO films on
NAO substrates [25]. This may be due to the inplane lattice
confinement of LAO substrate on the NAO buffer layer.
Figure 2a shows the rocking curves of (001) peaks for
LAO, NAO, and T-BFO, respectively. The full width at half
maximum of each peak is 0.068° for LAO, 0.107° for NAO,
and 0.470° for T-BFO. This suggests the high quality of the
NAO buffer layer on LAO substrate due to the close match of
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Figure 2 (a) The rocking curves for the (001) peaks of LAO, NAO
and T-BFO. (b) @-scans of the (101) peaks of LAO, NAO and T-
BFO for BFO-1 and BFO-6, respectively. The insets show the
corresponding enlarged view.
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lattice constant. The much broader rocking curve of T-BFO
is similar to that of BFO films epitaxially grown on (001)
SrTiO; substrates, which may be due to the 3D island growth
mode [8]. The surface morphologies of NAO and BFO-1
have been further studied by atomic force microscopy
(AFM) (not shown here). The NAO surface shows the
atomically flat terraces with surface roughness of 0.2nm
(rms value), while the T-BFO surface shows the granular
structure with surface roughness of 1.5 nm. Further work is
still being done to improve the surface morphology by
optimizing the growth conditions.

@-scans for (101) peaks of the LAO, NAO, and T-BFO
are shown in Fig. 2b, which further reveal that NAO and T-
BFO layers are highly epitaxial along both the inplane and
out-of-plane directions. The peak position of NAO overlaps
with that of LAO, while separation of about 3° has been
observed between the peaks of BFO and LAO. Furthermore,
the single peak of BFO-1 splits to 2 peaks of BFO-6. These
both indicate that T-BFO does not exactly crystallize in a
tetragonal space group but in a monoclinic one, and the
structural distortion increases with increasing thickness [19].

To explore whether T-BFO can effectively pin the
adjacent FM layer, we study the magnetic properties of T-
BFO/NiFe bilayers with a 3.6-nm thick NiFe layer directly
deposited on the T-BFO surface. For comparison, a single
layer of NiFe of the same thickness was deposited directly on
the NAO surface under the same conditions. Figure 3a shows
the variation of Hg and H¢ with thickness of T-BFO at RT.
Here, Hg and Hc are defined as Hg = —(Hc, + Hc,)/2 and
Hc = —(Hc, + Hc,)/2, respectively, where H¢, and Hc,
are the left and right coercive fields, respectively. Only
negligible Hg and enhancement of H¢ (the H¢ of the 3.6-nm
thick NiFe is 2.7 Oe at RT) without a clear dependence on the
thickness of T-BFO have been observed, indicating that the
observed Hg can be neglected at RT.

To check whether the T-BFO can provide an effective
Hg on NiFe layer at low temperatures, the temperature-
dependent Hg and Hc of BFO-1/NiFe bilayer was further
studied. Figure 3b shows that Hg increases with decreasing
temperature to 150K and then decreases on further
decreasing the temperature. Though Hc is strongly
enhanced, the maximum value of Hg is only about 7 Oe,
which is much smaller than the Hg for the BFO grown on
(001) SrTiO5 substrates (50 Oe at RT) and polycrystalline
BFO on Si substrates (61 Oe at RT) [8, 16]. Thus, T-BFO
cannot provide an effective exchange bias field on the
adjacent FM metallic layer.

Exchange bias was further studied in the LSMO/BFO-1
bilayers. Due to the optimized 7 of LSMO is higher than that
of BFO, a LSMO layer was selected to insert between NAO
and T-BFO. The conductive LSMO layer may further act as
the bottom electrode for the future spintronics applications.
However, if a thicker LSMO film was applied, the intensity
of the diffraction peak of T-BFO decreases drastically, and
finally disappears with LSMO layer of thickness more than
6nm. A 2-nm thick LSMO layer was selected as a single-
phase T-BFO can be obtained, as shown in the inset of
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Figure 3 (a) The variation of Hg and H¢ with thickness of T-BFO T (K)
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However, after decreasing the temperature in a field of (K)

2000 Oe, strong Hg can be observed at low temperatures. As
shown in the M—H curve measured at 10K in Fig. 4a, the
center shifts to the negative side, opposite to the direction of
the applied field. Figure 4b shows the temperature-
dependent Hg and Hc. The Hg emerges at temperatures
below 100K, and increases quickly with decreasing
temperature. The observed phenomenon is quite similar to
the results for the LSMO/BFO bilayers grown on (001)
SrTiO; substrates [13, 29]. The coercivity Hc also shows a
strong enhancement below 100 K. However, by a careful
comparative study on the single-layer LSMO film of the
same thickness, similar exchange bias has been observed, as
can be seen from the clear shift of the M—H curve of single-
layer LSMO film measured at 10K. The Hg shows the
similar temperature dependence for the single-layer LSMO
and LSMO/BFO bilayer. Furthermore, a similar temperature
dependence of Hc can be observed. Thus, we cannot
attribute the observed Hy and enhancement of H- to the
exchange bias in the LSMO/T-BFO bilayer. The magnetic
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Figure 4 (a) The M-H loops for LSMO and LSMO/BFO-1 bilayer
measured at 10K, respectively. (b) and (c) are the temperature-
dependent Hg and Hc for LSMO/BFO-1 and LSMO, respectively.
The inset in (b) shows the 6—26 XRD pattern of the LSMO/BFO-1
film. The inset in (c) shows the ZFC and FC M-T curves of the
single-layer LSMO.

properties of the ultrathin LSMO films deposited on (001)
LAO substrates have been systematically studied. The
epitaxial strain induced by the mismatched substrates leads
to the phase separation and the coexistence of the C-type
AFM and FM phases. The Hg is due to the exchange
coupling between these two phases [30]. This was further
confirmed by the field-cooled (FC) and zero-field-cooled
(ZFC) temperature-dependent magnetization (M-T) curves
measured with field of 2000 Oe, as shown in the inset of
Fig. 4c. For the FC measurement, the cooling field is
2000 Oe. The FM transition happens at around 150 K. The
FC and ZFC curves bifurcate at round 100 K, coinciding well

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the blocking temperature of exchange bias. Below
100K, the ZFC magnetization continues decreasing, while
the FC magnetization increases slowly. The onset of
magnetic irreversibility below about 100K is due to the
coexistence of FM/AFM phases [30]. For the epitaxially
grown manganite film, extra strain might be exerted from the
top layer [31]. The deposition of BFO on LSMO might exert
a tensile strain on LSMO, partially compensating the
compressive strain from the bottom NAO buffer layer,
leading to less AFM phase and more FM phase. Thus, the
values of Hg and H¢ of the LSMO/BFO bilayer are smaller
than those of the single-layer LSMO. The similar tempera-
ture dependence is due to the same exchange coupling
between the phase-separated AFM and FM phases in the
LSMO layer in the single-layer LSMO and the LSMO/BFO
bilayer.

Generally, exchange bias is attributed to the exchange
interaction between pinned uncompensated spins in the
AFM layer and the magnetic moments in the FM layer [32].
Lebeugle et al. [12] suggest that the uncompensated spins are
originated from the net spins at the interface of the BFO due
to spin canting of the neighboring Fe* " ions, leading to the
nonzero interfacial exchange energy. The theoretical
calculations suggest the nearly degenerate magnetic struc-
ture of G-type and C-type AFM structure of T-BFO with
slightly lower energy for C-type [21]. The Neel temperature
decreases to about 380 K for T-BFO [33]. The experiments
revealed the coexistence of G-type and C-type AFM
structure, while G-type phase is the majority phase, with
moments confined to the film plane [34]. However, whether
there is canting between the neighboring spins like
rhombohedral BFO has not been clarified. The neutron
diffraction study on tetragonal (1 — x)BiFeO;—xPbTiO; solid
solution with space group of P4mm reveals the collinear G-
type AFM spin structure [35]. As T-BFO can be considered
as a monoclinic distortion from the P4mm tetragonal
phase [34], it is reasonable to assume a nearly collinear
AFM spin structure in T-BFO. Therefore, the net spins
generated by the spin canting can be neglected, leading to
negligible interfacial exchange bias field. The observed
trivial Hg in T-BFO/NiFe bilayers might result from other
extrinsic sources, such as the possible interfacial oxidation
between BFO and NiFe, etc.

4 Conclusions In summary, single-phase T-BFO
films with thickness up to 480nm have been epitaxially
grown on (001) LAO substrates with NAO as the buffer
layer. The monoclinic distortion increases on increasing the
film thickness. A negligible value of Hg (<8 Oe) has been
observed in T-BFO/NiFe bilayers. When a 2-nm thick
LSMO film is inserted between NAO and BFO, single-phase
T-BFO structure can be well kept. Strongly enhanced Hg and
H¢ have been observed below 100K in an LSMO/T-BFO
bilayer. This has been explained by the exchange coupling
between the coexisting AFM and FM phases in the ultrathin
LSMO layer, which is due to the phase separation and the
coexistence of AFM and FM phases in the ultrathin LSMO

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

layer by the compressive inplane strain exerted from the
bottom NAO buffer layer. Our results clearly demonstrate
that T-BFO cannot provide an effective exchange bias field
on the adjacent FM layer, which may be due to the lack of net
spins in the collinear G-type and C-type AFM structures.
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