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A 2.5-nm-thick platinum film with the shape of a Hall bar was deposited by magnetron sputtering on weak ferromagnetic rhombohedral and
tetragonal Bi0.9La0.1FeO3 thin films. An anomalous Hall effect (AHE) was observed and studied as a function of magnetic field (H ) and temperature
(T ). For the two samples, besides the obvious difference in the anomalous Hall resistance, the anomalous Hall resistance increases sharply with
decreasing temperature, and even changes sign, thus violating the conventional expression. This observation indicates strong proximity effects
and local-field-induced magnetic ordering in Pt on weak ferromagnetic thin films of rhombohedral and tetragonal Bi0.9La0.1FeO3 and their
contribution to the spin-related measurements should not be neglected. © 2016 The Japan Society of Applied Physics

1. Introduction

The Hall effect, which is a useful tool for probing charge
transport properties and material types in the solid state,1–3)

has attracted a considerable amount of attention for many
years not only due to its widespread application in magnetic
field sensors but also because of its wealth of new
phenomena, such as the integer and fractional quantum Hall
effects, the anomalous Hall effect, and the spin-dependent
Hall effect.2–4) In analogy to the conventional Hall effect,
the anomalous Hall effect has been proposed to occur in
magnetic systems as a result of spin–orbit interaction, and
definitive progress has been achieved in understanding the
mechanisms in homogeneous metals and metallic alloys in
recent years.5) It is known that the Hall resistivity ρH in a
ferromagnet2–4) has some extra contribution originating from
spontaneous magnetization and can be fitted by

�H ¼ R0B þ 4�RsM; ð1Þ
where R0 is the usual Hall coefficient and Rs is the anomalous
Hall coefficient. The anomalous Hall effect (AHE = 4πRsM )
has been useful in the investigation and characterization of
itinerant electron ferromagnets.6)

It is assumed from formula (1) that the anomalous
contribution is proportional to the magnetization M, taking
into consideration the fact that the magnetization M has a
nonmonotonic dependence on the magnetic field H; there-
fore, the anomalous contribution in the Hall effect should also
vary nonmonotonically with H. However, some researchers
have found a nonmonotonic dependence on H that even
includes a sign change, which gives an important clue to
the origin of the AHE. Most theories regard the AHE to
have extrinsic origins that involve processes such as skew
scattering7) and side-jump mechanisms.8) In contrast, several
works2,9–12) regard the AHE to have an intrinsic origin and
this intrinsic AHE has been reinterpreted in terms of the
Berry curvature of the occupied Bloch states.13,14)

Generally, the intrinsic AHE is evaluated numerically
in ferromagnetic materials.15–17) However, it was reported
that, in addition to magnetic materials, the AHE can also be
observed in nonmagnetic materials by using an external
electrical or magnetic field.18–21) Of all the nonmagnetic
metals, platinum (Pt) metal has been employed most often

because it plays an essential role in generating and detecting a
pure spin current. Given the prominent role of Pt in spin-
based phenomena, it is imperative to ascertain the transport
and magnetic characteristics of thin Pt films in contact
with a ferrimagnet. When a thin Pt film is deposited on a
ferrimagnetic insulator, its conducting properties can be
determined through its magnetotransport properties. Thus, to
further elucidate this phenomenon and mechanism, it is of
critical importance to ascertain whether one can observe the
AHE when Pt is grown on a weak magnet, such as an
antiferrimagnetic (AFM) material.

Among AFM materials, BiFeO3 (BFO) is typical not
only because of its weak magnetism but also because of its
robust polarization (∼100 µC=cm2) above room temper-
ature.22–24) On one hand, most of the previous works focus
on nonmagnetic metal=ferromagnetic insulator bilayers,
but investigations on weak magnetic materials are rare. It is
uncertain whether the nonmagnetic metal Pt grown on BFO
can also show magnetic behavior and whether the AHE can
be observed. On the other hand, some works have reported
the AHE based on electric-field-induced Pt films,25,26) which
is ascribed to the strong spin–orbit coupling effect in Pt. It
should be pointed that the local electric field near the face of
BFO films can be estimated to be ∼5000MV=cm using the
formula E = σ=2ε0 for an infinite plate without considering
the screen effect. σ and ε0 are the charge density of the BFO
film surface (∼100 µC=cm2) and the permittivity of vacuum,
respectively. In the case of electric field (gate) tuning of the
AHE, the electric double layer (EDL) was found to work as
a nanogap capacitor with an electric field of ∼27MV=cm,
which is 4.6 times greater than the intrinsic electric field of
a Au surface, by applying 1.7V of positive (negative) gate
voltage. Apparently, the field near the BFO face is at least
two orders of amplitude larger than the above-mentioned
value. For this reason, we believe that an AHE should exist
when Pt is grown on a BFO film. It was reported that
rhombohedrally distorted perovskite BFO shows a robust
ferroelectricity of 100 µC=cm2 when it is a metastable
tetragonal phase with a giant axial ratio (∼1.27) and an
extremely large spontaneous polarization of ∼150 µC=cm2.
Consequently, the difference in the polarization will induce
different local electric fields and, in turn, cause diverse
results.
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On the basis of the above consideration, in this work,
we report an electrical transport study of thin Pt films on
AFM semiconductors, on both rhombohedral Bi0.1La0.9FeO3

(R-BLFO) and tetragonal Bi0.1La0.9FeO3 (T-BLFO) thin
films. Herein, La doping is for the sake of reducing the
leakage current of BFO and hence obtaining the preferred
film. We have observed a nonmonotonic dependence of AH
resistivity on the temperature and magnetization, including
a sign change at around room temperature. Rather than the
more complex description using the intrinsic Hall effect,
however, all the features observed can be interpreted using
a simple model of bilayers consisting of nonmagnetic
and magnetic Pt films by taking into consideration the
magnetic proximity effects (MPE)27,28) or local-electric-field
induced magnetic characteristics in such Pt thin films. These
results raise questions about the suitability of using Pt
in establishing pure spin current phenomena and of tuning
the Hall effect by manipulating the electric field using
ferroelectric materials.

2. Experimental procedure

Patterned Pt thin films with a thickness of ∼2.5 nm have been
deposited by magnetron sputtering on epitaxial R-BLFO and
T-BLFO films. The BLFO thin films with a thickness of
∼40 nm were grown epitaxially on (001)-oriented LaAlO3

(LAO) substrates at 650 °C. By controlling the deposition
oxygen pressure, one can obtain R-like and T-like BLFO
films. The other deposition parameters are depicted in detail
elsewhere.29,30) The nominal thicknesses of the individual
layers were calculated from the sputtering time and rate. The
structural characterization of the BLFO films was performed
by X-ray diffraction (XRD) using the M=s Bruker D8-
Discover X-ray diffractometer with Cu Kα1 radiation. To
perform Hall and resistance measurements simultaneously
and to guarantee that the data for electrical transport (Hall
and longitudinal resistivity) measurements were obtained
from the same sample, masks were used to make patterned
samples. Transport measurements were carried out with
Quantum Design PPMS-14H at 300–2K. The magnetiza-
tion of all samples was measured with MPMS-XL, and the
residual longitudinal offset in the measured Hall voltage was
excluded on the basis of its different symmetry against the
magnetic field, H, and the anomalous part ( ρxy) of the Hall
resistivity was extracted using Eq. (1). The samples for X-ray
diffraction, surface morphology, and transport measurements
have dimensions of 10 × 10 × 0.5mm3.

3. Results and discussion

Normal XRD θ–2θ scans provide information on the crystal
orientation in an out-of-plane direction and the corresponding
lattice parameter. As shown in Fig. 1(a), the BLFO films on
the LAO substrate reveal high-quality, epitaxial films that
appear to be a single phase. An appreciable shift of the BLFO
(00l) diffraction peak is observed with these two films. The
out-of-plane c parameters for R-BLFO and T-BLFO films are
0.397 and 0.451 nm, respectively. Figure 1(b) shows the
crystal structure of R-BLFO (bulk BFO is a rhombohedrally
distorted perovskite with a space group of R3c and a
pseudocubic lattice parameter a of ∼0.396 nm and c=a ∼
1.02)31) and T-BLFO (the unit cell has a high tetragonality
c=a ∼ 1.26).32) Clearly, elongation greater than 10% along the

c-axis direction compared with R-BFO would induce signi-
ficant changes in most physical properties. The BLFO layers
have a top surface root mean square roughness of less than
0.3 nm over a scanning area of 5 × 5 µm2, as characterized
by atomic force microscopy [Figs. 1(c) and 1(d)].

The temperature dependences of the sheet resistance Rxx

values of the Pt thin films grown on R-BLFO and T-BLFO
were compared. As shown in Fig. 2(a), both series samples
exhibit very similar temperature dependences. The inset of
Fig. 2(a) is a schematic diagram of the patterned Hall bar on
a substrate in the xy plane with H perpendicular to this plane.
In addition, the resistivity of the Pt thin film sample decreases
gradually with decreasing temperature, but a nonmonotonic
temperature dependence becomes obvious and a resistivity
minimum appears at around 20K. Rxx indicates insulating
characteristics (dRxx=dT < 0) in the low-temperature region
(below ∼20K). This occurrence of the metal-to-insulator
transition in the Pt thin-film sample should originate from the
weak localization of electrons caused by the dimensional
effect. Quantitative analysis of the insulating resistance
results shows that Rxx changes linearly with lnT at low

(b)

1μm 1μm

(c) (d)

(a)

Fig. 1. (Color online) (a) XRD spectra of rhombohedral and tetragonal
BLFO films grown on LaAlO3 substrates. (b) shows crystal structures of
R-BLFO and T-BLFO. Atomic force microscopy surface topographies of
representative (c) T-BLFO and (d) R-BLFO films for scanning area of
5 × 5 µm2.
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temperatures. This phenomenon can be ascribed to the two-
dimensional (2D) weak disorder-induced electron localiza-
tion (EL) and=or 2D Coulomb interaction (CI).33)

Magnetic field dependences of the Hall resistivity Rxy

values at various temperatures for all samples are shown in
Figs. 2(b) and 2(c). In both films, we observed a large AHE
signal derived from the spontaneous magnetization. It was
difficult to determine the ordinary and anomalous Hall
resistivities because the resistivity varies nonmonotonically
with T, and even changes sign. The ordinary Hall coefficient
RO
H ¼ dRxy=dH from the slopes for the two samples shows a

dependence on temperature and field (the slope differs with
temperature and magnetic field); the slope of T-BFO varies
with temperature and even changes sign at about 100K, but

does not change sign in high field. The S-like feature in the
Hall curves in Fig. 2 at intermediate temperatures, such as
below 100K, implies that the AHE is composed of positive
and negative components with different saturation magnetic
fields. Therefore, the Hall resistance should consist of three
components: the ordinary Hall resistivity, a positive compo-
nent, and a negative component. The contribution of the
anomalous Hall resistivity RA is estimated as the deviation
of Rxy from RO. From the field-dependent anomalous Hall
resistivity curves, we take 13T as the saturated anomalous
Hall resistivity. Figures 2(d) and 2(e) show the temperature-
dependent anomalous Hall resistivities for the Pt=R-BLFO
and Pt=T-BLFO films, respectively. Both an ordinary Hall
effect and an AHE, where the latter is another key magnetic

(a) (b)

(e) (f)

(c) (d)

Fig. 2. (Color online) (a) Dependence of temperature on sheet resistance Rxx on R-BLFO and T-BLFO. The inset in (a) is the schematic diagram of the
patterned Hall bar on a substrate in the xy plane with H perpendicular to this plane. Representative field-dependent Hall resistivity curves measured at different
temperatures on (b) Pt=T-BLFO and (c) Pt=R-BLFO. Temperature-dependent anomalous Hall resistivity for the (d) Pt=R-BLFO and (e) Pt=T-BLFO films.
(f ) AHE resistance RA for both Pt=R-BLFO and Pt=T-BLFO films in the field of 13T as a function of temperature.
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characteristic, are seen. The AHE resistance RA for both
Pt=R-BLFO and Pt=T-BLFO films at the field of 13 T
increase sharply with decreasing temperature, and even
changes sign at about 50K, as shown in Fig. 2(f). Such
behaviors are sometimes observed in other ferromagnetic
materials.27,28) Once again, there is a stark contrast between
Pt=R-BLFO and Pt=T-BLFO films. The Hall resistivity for
Pt=T-BLFO always increases with magnetic field at low and
high temperatures, as shown Fig. 2(b), whereas it approaches
saturation at ∼6T for Pt=R-BLFO at low temperature, as can
be seen in Fig. 2(c). This is, the anomalous Hall resistivity
can be saturated in higher field. Furthermore, the AHE resist-
ance for Pt=T-BLFO is almost one order higher than that
for Pt=R-BLFO. Unexpectedly, the AHE in Pt=R-BLFO and
Pt=T-BLFO exhibits very similar behaviors to that of field-
dependent magnetization [see Fig. 3(a)] if only the mag-
nitude is considered. One can see from Fig. 3(a) that the
magnetization of T-BLFO is somewhat larger than that of
R-BLFO, and that the M–H curve of T-BLFO seems more
difficult to become saturated than that of R-BLFO films.
Therefore, if the magnetization of BLFO is the key factor
behind the AHE, the anomalous part of the Hall effect in
Pt=T-BLFO should be larger than that of Pt=T-BLFO; this is
consistent with our results. In contrast, the M–H curve of
T-BLFO seems more difficult to become saturated than that
of R-BLFO films, which is in accordance with the variation
tendency of the Rxy–H curves shown in Fig. 2. It should be
pointed that, although the BLFO films are not insulators, their
resistivity is far larger than that of Pt films; hence, the
measured Hall resistivity can be fully attributed to Pt metal.
For thin films of soft ferromagnetic materials, such as Fe and
Gd, the magnetization preferably lies in the film plane owing
to the strong demagnetizing effect. When a magnetic field is
applied perpendicular to the film plane, the magnetization is
forced to align with the field direction. Therefore, the mag-
netization in the field direction is proportional to the field
strength until the magnetization is fully aligned in the field
direction at about 18 and 20 kOe for Fe and Gd films, respec-
tively. This process leads to a linear dependence of magnet-
ization on the magnetic field in the low-field range and
saturation in the high-field range. Because of the linear de-
pendence of the AHE resistivity on magnetization [Eq. (1)], a
steep change in the AHE resistivity is observed at low fields
and saturation at high fields.

It has been reported that a Pt thin film grown on an
insulating ferrimagnetic Y3Fe5O12 (YIG) can show AHE
behaviors, and it was assumed that these ferromagnet-like
characteristics strongly indicate strong proximity effects and
induce magnetic ordering in Pt on magnetic insulators. The
study results further suggested that the induced Pt moments
are located within 1 nm from the interface.34) Therefore,
considering the fact that the R-BLFO underlayer and the
T-BLFO substrates have nearly the same surface roughness,
the AHE resistivity reduction of the Pt layers should not
originate from the thin-film uniformity. The introduction of
magnetic ordering in Pt by the BLFO underlayer will result in
band splitting for the Pt 5d spin-up and spin-down electrons,
which will in turn lower the density of states (DOS) at the Pt
Fermi level. The reduction in the DOS results in less s-d
scattering and leads to a lower resistivity for the magnetically
ordered Pt layer. Therefore, a comparison of the Pt film

resistivities of Pt=T-BLFO and Pt=R-BLFO films also
suggests that the electronic structure of the Pt layer has been
appreciably modified by the BLFO underlayer. Hence, we
argue that the different Hall effect behaviors in our two
samples may result from the different proximity effects
between Pt=R-BLFO and Pt=T-BLFO interfaces.

In order to elucidate how this happens and considering
the fact that Pt is magnetized as a result of the magnetic
proximity effect, the intensity of Fe 2p at the surface of the
two samples T-BLFO and R-BLFO films was measured by
XPS and is shown in Fig. 3(b). One can conclude from
Fig. 3(b) that the Fe 2p intensities for T-BLFO and R-BLFO
are different, and that the density of Fe in T-BLFO is lower
than that in R-BLFO films. Unfortunately, this result cannot
explain the observed difference in the AHE between Pt=
R-BLFO and Pt=T-BLFO films at all if the AHE is attributed
to different proximity effects between Pt=R-BLFO and Pt=
T-BLFO interfaces. In addition, if the AHE originates from
the proximity effect, one cannot observe the sign change of
the anomalous Hall part because the magnetization should
vary monotonically with magnetic field.

Therefore, the origin of the anomalous Hall resistance in
nonmagnetic Pt metal at least is not attributable to the
magnetized Pt as a result of the proximity effect. Considering
the sign change of the Hall resistivity, the AHE is composed
of positive and negative components with different saturation
magnetic fields. Therefore, the Hall resistance should consist
of three components, i.e., the ordinary Hall resistivity, a
positive component, and a negative component. We suppose

(a)

(b)

Fig. 3. (Color online) (a) Magnetic hysteresis loop at 300K of R-BLFO
and T-BLFO films as a function of magnetic field H applied in-plane.
(b) XPS results for Fe 2p on the surface of T-BLFO and R-BLFO films.
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that the observed RH may stem from the AHE in a para-
magnet with local magnetic moments. It is known that not
only uniform long-range magnetic order but also local
magnetic moments can contribute to the AHE.35,36) Super-
paramagnetic moments have been reported to induce the
AHE in Co-doped TiO2

35) and Pt thin films embedded with
Fe nanoparticles.36) The mechanism of the induced local
moments in the BLFO=Pt film remains the subject of ongoing
investigation. A possible scenario is that polarization on the
Pt channel induces ferromagnetism in a manner similar to
that in the case of gate (electric field)-tuned thin films of Pt.25)

As a result, we believe that the polarization of BLFO films
may also produce local electric fields at the interface of Pt,
which might generate local magnetic moments in Pt owing
to its large spin–orbit interaction. Also, possible structural
disorder in the Pt film would prohibit long-range order
of ferromagnetism, resulting in large local moments, as
observed in superparamagnetic systems. The difference in
Hall effect between T-BLFO=Pt and R-BLFO=Pt films may
originate from (i) the different magnetizations induced by
BLFO films as a result of the proximity effect; (ii) the
difference in the local electric field between the BLFO and
Pt interface, which induces different spin–orbit interactions
of nonmagnetic Pt metal, which in turn gives rise to various
local magnetic moments in Pt.

4. Conclusions

We studied the electrical transport characteristics of thin Pt
films on both antiferromagnetic semiconductor rhombohedral
and tetragonal Bi0.9La0.1FeO3 thin films. For the two samples,
besides the obvious difference in the AHE resistance RA,
the AHE increases sharply with decreasing temperature and
even changes sign, thus violating the conventional expres-
sion. This phenomenon can be explained by the bilayers
that consist of nonmagnetic and magnetic layers. This
observation indicates strong proximity effects and local-
field-induced magnetic ordering in Pt on weak ferromagnetic
Bi0.9La0.1FeO3 thin films. Pt metal, being nonmagnetic and
having a strong spin–orbit coupling interaction, has been
instrumental in detecting the pure spin current and establish-
ing most of the recent spin-based phenomena. The suitability
and unique role of Pt on antiferromagnets for detecting the
pure spin current have been compromised. As a result, the
pure spin current detected by a thin Pt layer is tainted with
a spin-polarized current. Our result may be useful in tuning
the Hall effect by an external electric field formed by
manipulating the ferroelectric polarization.
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