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ABSTRACT: We report the observation of a magnetocapacitance
effect at the interface between Ni and epitaxial nonpolar BiInO3
thin films at room temperature. A detailed surface study using X-ray
photoelectron spectroscopy (XPS) reveals the formation of an
intermetallic Ni−Bi alloy at the Ni/BiInO3 interface and a shift in
the Bi 4f and In 3d core levels to higher binding energies with
increasing Ni thickness. The latter infers band bending in BiInO3,
corresponding to the formation of a p-type Schottky barrier. The
current−voltage characteristics of the Ni/BiInO3/(Ba,Sr)RuO3/
NdScO3(110) heterostructure show a significant dependence on
the applied magnetic field and voltage cycling, which can be
attributed to voltage-controlled band bending and spin-polarized
charge accumulation in the vicinity of the Ni/BiInO3 interface. The
magnetocapacitance effect can be realized at room temperature without involving multiferroic materials.
KEYWORDS: magnetocapacitance, spin-polarized charge accumulation, BiInO3, bismuth-based perovskites, XPS, Bi−Ni alloy formation

■ INTRODUCTION
Applied magnetic field-controlled capacitance effects are
common to multiferroic materials and ferromagnetic/ferro-
electric multilayer stacks, leveraging the coexistence and
coupling of more than one ferroic order parameter, principally
magneto-electric coupling.1−12 It is now understood that with
the generalization of the Maxwell−Wagner capacitor model,
magnetocapacitance effects are possible even in nonmultifer-
roic materials.13−15 Magnetocapacitance effects are expected in
nonmultiferroic materials as a result of giant intrinsic magneto-
resistance,13 interface effects,15 and bulk inhomogeneities.14

There has been some experimental validation of the
predicted magnetocapacitance effects in nonmultiferroic
materials. Magnetic field-dependent dielectric resonance effects
have been seen in nanoporous si l icon16 ,17 and
La2/3Ca1/3MnO3

18 consistent with expectations from the
generalization of the Maxwell−Wagner capacitor model.15

Magneto-dielectric coupling has also been reported in phase-
separated media,19−21 but there has been no direct evidence of
magnetocapacitance yet reported in these systems. More direct
experimental validation of magnetocapacitance effects have
been observed in nonmultiferroic graphene oxide, metal to
semiconductor interfaces, and complex oxides. A study
provided an experimental magnetocapacitance estimate of
20% in graphene oxide and −5% in reduced graphene oxide at
room temperature by using a Havriliak−Negami relaxation
approach and considering the materials as inhomogeneous.22

Interestingly, the negative magnetocapacitance of 21%
reported in the Schottky barriers of Au/GaAs/Si at 20 K in

the presence of 70 kOe23 and the magnetocapacitance of 15%
in the CaCu3Ti4O12 observed at 100 K24 can be better
understood based on interface effects. There is, thus, a strong
foundation to believe that an interface between ferromagnet
and dipolar dielectric,15 resulting in a Schottky barrier
formation and charge depletion,13,23 can lead to larger
magnetocapacitance at room temperature and above, more
significant than what has been reported for other non-
multiferroic systems.
Here, we report the observation of magnetocapacitance in a

Ni/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure at
room temperature. BiInO3 is a lead-free perovskite, schemati-
cally shown in Figure 1a, and has recently garnered attention as
it is predicted to host ferroelectricity and persistent spin
textures.25−29 Proof of ferroelectricity and spin texture in this
material, however, remains elusive.27 On the other hand, new
functionality can be introduced by interfacing BiInO3 with a
ferromagnetic contact, where the distinct surface state of
BiInO3

30 can yield a Schottky barrier tunable via a magnetic
field. This can lead to the magneto-capacitive effect, as has
been observed for distorted Bi-based perovskites,1,2 other
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perovskites,5,6 and oxide-based composites.7−9 In this work, we
observe a magnetic field-controlled rectifying effect in BiInO3
with nickel as the top electrode and explore the spin-
dependent transport characteristics that might arise from a
spin-polarized Schottky barrier.31

■ EXPERIMENTAL METHODS
Epitaxial 160 nm thick BiInO3 films on 50 nm thick (Ba,Sr)RuO3
heterostructures deposited on (001)-oriented SrTiO3 substrates were
compared to 80 nm thick BiInO3 epitaxial films on 25 nm thick
(Ba,Sr)RuO3 deposited on (110)-oriented NdScO3 substrates using a
Bi1.1InO3 ceramic target and pulsed laser deposition (PLD), as
described elsewhere.30 The crystal phase of BiInO3 films, for the
BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructures, were deter-
mined by X-ray diffraction (XRD) studies. Wide-angle reciprocal
space maps were collected at two azimuthal (ϕ) angles of 0 and 45°,
as shown in the Supporting Information.

The surface morphology and work function of BiInO3(001) films
were characterized by atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM), respectively, using a Bruker
Multimode-8 atomic force microscope. The Bruker SCM-PIT-V2
scanning probe used for the KPFM measurements had a Pt−Ir-coated
conductive tip of radius 25 nm. The electronic work function of the
probe ΦPt−Ir is about 5.5 eV,32 which was taken as the reference for
studying the surface potential of the BiInO3 films.

All core level X-ray photoelectron spectroscopy (XPS) measure-
ments were performed in an ultrahigh vacuum (UHV) chamber with
a SPECS X-ray Al anode (hν = 1486.6 eV) as the source and a PHI
model: 10−360 hemispherical electron analyzer.30,33−36 Ni adlayers
were thermally evaporated onto the BiInO3(001)/(Ba,Sr)RuO3/
SrTiO3(001) and BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostruc-
tures at room temperature, and a thickness monitor was used to
determine the Ni adlayer thickness. The XPS spectra shown were
taken with the photoelectrons collected along the surface normal.
Magneto-transport measurements were performed on the BiInO3/
(Ba,Sr)RuO3/NdScO3(110)o heterostructures with a 30 Å Ni adlayer
on the BiInO3 surface, in 4-point geometry using Quantum Design
DynaCool Physical Properties Measurement System (PPMS) at a
modulation frequency of 97 Hz.

■ RESULTS AND DISCUSSION
Nonpolar BiInO3. The BiInO3 films, for the BiInO3/

(Ba,Sr)RuO3/NdScO3(110)o heterostructures, are in the
nonpolar phase, so the magnetocapacitance discussed below
is not the result of a multiferroic heterostructure. The XRD
derived lattice parameters of the BiInO3 film, for the BiInO3/
(Ba,Sr)RuO3/NdScO3(110)o heterostructures, were found
through optimization to be a = 6.07 Å, b = 7.95 Å, c = 5.43
Å. From the analysis of the XRD, shown in the Supporting
Information (Figure S1), for the BiInO3/(Ba,Sr)RuO3/
NdScO3(110)o heterostructures, the BiInO3 film is oriented
with the (201) lattice planes parallel with the substrate (110)o
planes. Furthermore, the BiInO3 thin films have crystallized in

the Pnma nonpolar, nonferroelectric phase. The lattice
parameters determined on solving the crystal structure based
on the identified BiInO3 film reflections are compared with the
reported values for the Pnma (ref 37) and Pna21 (ref 26)
phases, as shown in the Supporting Materials, Tables S1 and
S2, respectively. From Table S1, our experimentally
determined lattice parameters reasonable agreement with
those reported for Pnma,37 especially as the unit cell volume
of the film exhibits only a slight contraction of 0.4% when
compared to that of the bulk Pnma phase,37 as discussed in the
Supporting Information. The slightly distorted lattice param-
eters of the BiInO3 films studied here are consistent with a
(201) BiInO3 film orientation, in the Pnma phase, on a
NdScO3(110) substrate with a lattice mismatch of approx-
imately −0.7%. In contrast, for the BiInO3/(Ba,Sr)RuO3/
NdScO3(110)o heterostructures discussed here, the compar-
ison of the BiInO3 films with the bulk BiInO3 lattice
parameters with the polar Pna21 (ref 26) phase (Table S2 in
the Supporting Information) reveals much larger discrepancies;
the most notable of which being the drastic difference in the
unit cell volume of 6.4% and the required imposed strains
along the b and c directions (approximately in plane) for the
Pna21 phase are of the order of −5% and −3% respectively,
which would be highly unusual.
Further evidence for a nonferroelectric phase of our BiInO3

films was indicated by the absence of retention in
piezoresponse force microscopy (PFM). The PFM amplitude
and phase taken directly after the “box-in-box” poling patterns
was introduced with applied voltages of +20 and −20 V into a
BiInO3/Nb/SrTiO3(001) film was conducted (Figure S2 in
the Supporting Information shows the poling scheme).
Although there is some evidence for contrast in the PFM
images after poling, as shown in Figure S2d,f in the Supporting
Information, the apparent contrast is rather weak and could
simply be the result of injected charge causing electrostatic
contrast to appear. To explore this further, we imaged the same
region after 2 h, permitting tip-injected charges to diffuse. The
results are presented in the Supporting Information in Figure
S3 and reveals that the contrast has almost completely
disappeared. This supports the contention that our BiInO3
films do not possess a switchable, remanent polarization and
hence cannot be ferroelectric in nature.
Figure 1b shows the AFM topography image of a

BiInO3(001) film, which reveals a relatively smooth surface
with a root-mean-square roughness of 1.8 nm. For KPFM
mapping, the measured potential difference (VMPD) is defined
as VMPD = (ΦPt−Ir − ΦBiInOd3

)/e−. It has been suggested that
interface roughness, on this scale, can enhance magneto-
capacitance.14,15 As shown in Figures 1c and S4, in the
Supporting Information, the surface potential of the film is

Figure 1. (a) Schematic of the BiInO3 perovskite adapted from ref 30. (b) atomic force microscopy and (c) Kelvin probe force microscopy images
of BiInO3(001) films on the (Ba,Sr)RuO3/SrTiO3(001) heterostructure,, showing topography (b) and surface potential (c), respectively.
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typically 0.30−0.38 V higher than that of the Pt−Ir tip,
yielding a surface electronic work function, ΦBiInOd3

, in the range
of 5.80−5.88 eV.32 KPFM measurements taken on multiple
spots of the BiInO3(001) film show consistent results. For a p-
type BiInO3 surface region, this opens the door for the
Schottky barrier formation, thus charge depletion and
enhanced magnetocapacitance.13,23

Ni−Bi Alloy Formation. In situ photoemission spectros-
copy measurements were taken to characterize the Ni/BiInO3
interfaces for the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o and
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructures at
different stages of Ni deposition. The XPS spectra of the In
3d5/2, Bi 4f, and O 1s core levels of BiInO3(201) (red spectra
in Figure 2, with no Ni on top) and Figure S5 in the
Supporting Information respectively, were obtained for the
BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure. Before
Ni deposition for the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o
heterostructure, the BiInO3 In 3d5/2 photoemission core level
contains both the surface (S) and bulk (B) components at
444.8 ± 0.2 and 444.1 ± 0.2 eV, respectively. The Bi 4d5/2 core
level has an XPS core level binding energy of about 442 eV and
the Bi 4f7/2 core level has an XPS core level binding energy of
158.8 ± 0.1 eV. The XPS spectra of BiInO3(001) at In 3d5/2,
Bi4f, and the O 1s core levels with zero Ni coverage are shown
in Figures S6−S8 in the Supporting Information, for the
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructure. The
data without any relative rescaling are given in the Supporting
Information (Figure S8). These core level photoemission
binding energy values are all in agreement with the prior
studies of BiInO3.

30

The O 1s core level spectra of BiInO3(201), for the BiInO3/
(Ba,Sr)RuO3/NdScO3(110)o heterostructure shown in Figure
S5 in the Supporting Information, have peaks at core level
binding energies of 530.2 ± 0.2 eV (P1) and 531.0 ± 0.2 eV
(P2) that correspond to the Bi3+ (ref 38) and In3+ (39,40)
metal oxides, respectively. The O 1s feature at 532.6 ± 0.2 eV
(P3) might be due to the presence of Bi2O3 and In2O3,

41,42

along with contributions from surface defect states, but the
assignment cannot be unequivocal. The O 1s core level spectra

of BiInO3(001)
30 (Figure S6c in the Supporting Information)

indicated three kinds of oxygen features with binding energies
at 529.6 ± 0.1 eV (P1), 531.0 ± 0.1 eV (P2), and 532.4 ± 0.1
eV (P3).
To understand the interactions at the Ni/BiInO3 interface,

we performed XPS measurements on samples with different Ni
thickness (Figure 2) on both BiInO3(001), for the BiInO3/
(Ba,Sr)RuO3/SrTiO3(001) heterostructure, and BiInO3(201),
for the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure.
The XPS spectra of the Ni 2p3/2 core level for the different Ni
thicknesses on BiInO3(201), for the BiInO3/(Ba,Sr)RuO3/
NdScO3(110)o heterostructure (Figure 2a) and BiInO3(001)
(Figure S7a in the Supporting Information), have peaks
corresponding to metallic nickel (i.e., Ni0) occurring at 853.0
± 0.2 eV,43−45 and oxidized nickel (Ni2+) with the expected
binding energy of 854.7 ± 0.2 eV.46,47 Such oxidation of the
nickel adlayer at the interface with BiInO3 is anticipated. The
XPS peaks at the binding energy value of 858.1 ± 0.2 eV are
assigned to the Ni 2p3/2 shakeup satellite.43,48 The relative
changes in the XPS peak intensities with changing Ni thickness
on both the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o and
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructures are
summarized in the Supporting Materials (Figures S9 and S10
in the Supporting Information, respectively).
For the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostruc-

ture, as the Ni overlayer thickness increases from 0 to 3 nm, on
BiInO3(201), the weak Bi3+ 4d5/2 core level photoemission
feature is replaced by a metallic Bi 4d5/2 XPS core level feature
(i.e., Bi0 4d5/2). The peak position of the weak intensity Bi0
4d5/2 component (observed at 441.3 ± 0.2 eV) is indicated in
Figure 2b. When the thickness of Ni overlayer is 3 nm thick,
the XPS spectra across the Bi 4f core levels show the addition
of a significant metallic Bi0 4f7/2 core level feature at 157.3 ±
0.2 eV49−51 that is distinct from the Bi3+ 4f7/2 core level with
binding energy of 158.8 ± 0.2 eV and a Bi0 4f5/2 component at
162.6 ± 0.2 eV also distinct from the Bi3+ 4f5/2 core level at
164.1 ± 0.2 eV denoted in Figure 2c. The Bi0 4f7/2 core level
feature component becomes increasingly significant with
increasing Ni thickness at 157.3 ± 0.2 eV binding energy.49−51

Figure 2. XPS spectra of (a) the Ni 2p3/2 core level at three different Ni thicknesses on BiInO3 for the BiInO3/(Ba,Sr)RuO3/NdScO3(110)
heterostructure, along with the fits to the core level features. (b) The In 3d5/2 core level showing the formation of metallic Bi 4d5/2 (Bi0) as the Ni
overlayer thickness increases. The solid and dashed arrows represent the shift from oxidized Bi 4d5/2 (Bi3+) to Bi0 4d5/2. (c) Bi 4f core levels
showing the formation of the Bi−Ni alloy marked as Bi0, as the Ni overlayer thickness increases. The raw data are shown as open circles.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c13478
ACS Appl. Mater. Interfaces 2024, 16, 4108−4116

4110



One possible reasoning for this observation is Bi alloying with
Ni via the co-reduction process.51,52 The photoemission
intensities of the Bi0 peaks are found to increase with respect
to their Bi3+ counterparts as a function of the increasing Ni
thickness. The intensity ratios of the Bi3+ to Bi0 XPS features,
with increasing Ni coverages on the BiInO3/(Ba,Sr)RuO3/
NdScO3(110)o heterostructure, are provided in the Supporting
Materials (Figure S9 in the Supporting Information). Similar
results were observed for Ni deposited on BiInO3(001), of the
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructure, as
shown in Figure S10 in the Supporting Information. The
trends in the intensity ratios of the Bi3+ to Bi0 XPS core level
features in BiInO3(001), as depicted in Figure S10b in the
Supporting Information, resembles those depicted in Figure
S9b. For the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o hetero-
structure, as the Ni overlayer thickness reaches 3 nm, the O
1s core level component of BiInO3(201) at 531.5 ± 0.2 eV
(P2) indicative of Ni2O3,

53−55 surpasses the O 1s core level
component from Bi2O3 at 530.3 ± 0.2 eV38 (P1) and any
possible surface defect states characteristic of In3+ and Bi3+
metal oxides at 532.6 ± 0.2 eV41,42 (P3), as illustrated in Figure
S5b in the Supporting Information.
p-Type Schottky Barrier Formation. Being a surface-

sensitive technique, photoemission is effective for identifying
possible band bending.33,56−60 As the Ni thickness on top of
the BiInO3(201), of the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o
heterostructure, increases the binding energy of the bulk
component of the In 3d5/2 peak at 444.1 ± 0.2 eV shifts to
444.5 ± 0.2 eV, while the overall In 3d5/2 peak for the BiInO3
increases from a binding energy of 444.4 ± 0.2 to 445.2 ± 0.2
eV (Figure 2b and plotted in Figure 3). As the electrons from

the near-surface In 3d5/2 core level are going to be screened, in
the photoemission final state, by the Ni top layer or the higher
coordination of the bulk, one can assign the In 3d5/2 XPS
features, with the lower binding energies in the vicinity of
444.4 ± 0.2 to 444.8 ± 0.2 eV, to the bulk BiInO3 of the
BiInO3/(Ba,Sr)RuO3/NdScO3(110)0 heterostructure. The
increasing shift to higher binding energy of the In3+ 3d5/2
photoemission core levels, with increasing Ni coverages, are
also seen for BiInO3(001) of the BiInO3(001)/(Ba,Sr)RuO3/

SrTiO3(001) heterostructure, as shown in the Supporting
Information, Figures S7, S8, and S11. For the BiInO3 of the
BiInO3/(Ba,Sr)RuO3/NdScO3(110)0 heterostructure, the shift
of In 3d5/2 core level binding energy from 444.4 ± 0.2 to 445.2
± 0.2 eV is caused by band bending because the oxidized Bi3+
XPS core level component binding energies similarly shift to
higher binding energies with increasing Ni coverages (Figure
3). Similar to the shift of the In3+ 3d5/2, the Bi3+ 4f7/2 core level
peaks to higher binding energy values as the Ni adlayer
thickness increases (Figure 3a,b), for the BiInO3 of the
BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure.
Generally, the In3+ 3d5/2 and Bi3+ 4f7/2 core level peaks are

found to shift to higher binding energy values in a similar trend
(Figure 3a,b) with increasing Ni coverage on the BiInO3(201)
of the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure
and also for BiInO3(001) of the BiInO3/(Ba,Sr)RuO3/
SrTiO3(001) heterostructure (Figures S7, S8, and S11 in the
Supporting Information). The shift of binding energy positions
of the In3+ 3d5/2 and Bi3+ 4f7/2 core level peaks to higher
energies with increasing Ni thickness indicates band bending at
the Ni/BiInO3 interface. A consistent shift toward higher
binding energies implies downward bending of the valence
bands at the Ni/BiInO3 interface for both the BiInO3(201) of
the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure and
also for BiInO3(001) of the BiInO3(001)/(Ba,Sr)RuO3/
SrTiO3(001) heterostructure. For the BiInO3/(Ba,Sr)RuO3/
SrTiO3(001) heterostructure, the binding energies of the In3+
3d5/2 and Bi3+ 4f7/2 core level features increased with increasing
Ni adlayer coverages (Figures S7, S8, and S11) for the
BiInO3(001) are nearly identical shifts to higher binding
energies seen at the Ni/BiInO3 interface for the BiInO3(201)/
(Ba,Sr)RuO3/NdScO3(110)o heterostructure (Figures 2 and
3). The trends seen for the Ni/BiInO3 interface for both the
BiInO3/(Ba,Sr)RuO3/NdScO3(110) heterostructure and the
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructure are
similar, but the magnitude of the band bending may differ by
about 100 meV between Ni/BiInO3(001) and Ni/
BiInO3(201). Given that the electronic work function of
BiInO3(001) (ΦBiInOd3

∼ 5.80−5.88 eV) is significantly higher
than that of Ni (ΦNi ∼ 5.15−5.30 eV)61−63 and the electron
energy bands at the Ni/BiInO3 bend downward, the formation
of a p-type Schottky barrier at the Ni/BiInO3 interface are
reasonable.33,56−60,64−66

The positions of the Bi0 peaks may shift in binding energy
but were found to shift only slightly to higher binding energy
values with the increase in the Ni adlayer thickness at the Ni/
BiInO3 interface (Figure S12 in the Supporting Information).
As shown in Figure S12a in the Supporting Information, the
Bi0 peak initially observed at a binding energy of 156.8 ± 0.2
eV, when Ni overlayer thickness is 0.6 nm, shifts to 157.0 ± 0.2
eV when the Ni thickness is 3 nm on BiInO3(001), for the
BiInO3(001)/(Ba,Sr)RuO3/SrTiO3(001) heterostructure. For
the BiInO3(201), of the BiInO3/(Ba,Sr)RuO3/NdScO3(110)o
heterostructure, this Bi0 4f7/2 core level feature observed at
156.9 ± 0.2 eV when Ni thickness is 0.6 nm, shifts to 157.3 ±
0.2 eV as Ni thickness grows to 3 nm (Figure S12b in the
Supporting Information). This shift in the Bi0 peaks can be
attributed to the change in the stoichiometric ratio of the Bi−
Ni alloy formed at the interface as the Ni coverage increases.

Magnetocapacitance Effects. As noted at the outset,
magnetocapacitance occurs when the capacitance of a device
changes with respect to the applied magnetic field. The

Figure 3. Binding energies of (a) In3+ 3d5/2 and (b) Bi3+ 4f7/2
photoemission core levels as a function of Ni overlayer thickness on
BiInO3(201) for the BiInO3/(Ba,Sr)RuO3/NdScO3(110) hetero-
structure.
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coupling of ferroelectricity and ferromagnetism is common in
multiferroic materials that can lead to magnetocapacitance
effects,1−12 yet the BiInO3 thin films discussed here are
nonpolar, so this does not apply to the Ni/BiInO3/(Ba,Sr)-
RuO3/NdScO3(110)o heterostructure discussed here. Again, as
noted at the outset, according to the Maxwell−Wagner
capacitor model,13−15 nonmultiferroic materials can also
exhibit magnetocapacitance effects. The Maxwell−Wagner
model is a theoretical framework which explains the electrical
properties of heterogeneous systems, which is a mixture of
conducting and dielectric materials.
Corroborating the formation of a Schottky barrier at the Ni/

BiInO3 interface, the current perpendicular to the plane of a
Ni(3 nm)/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostruc-
ture at room temperature (Figure 4a,b), 200 K (Figure S13a,b
in the Supporting Information) and 100 K (Figure S14a,b in
the Supporting Information) is very far from ohmic. The
device data were collected both in the absence (0 T) and
presence (4 T) of a magnetic field parallel to the surface
normal. The stark difference of the hysteresis loop obtained in
both positive (Figure 4a) and negative (Figure 4b) cycles
infers anisotropic charge trapping at the Schottky barrier
according to the spin.67−69 This is consistent with the
aforementioned XPS results, which revealed the formation of
a p-type Schottky barrier. It is worth mentioning that the
valley-like feature observed at ∼4 mV in Figure 4a (measured
at 300 K), Figure S13a in the Supporting Information
(measured at 200 K), and Figure S14a in the Supporting
Information (measured at 100 K) is similar to the negative
resistance effect seen due to the tunneling of the charge
carriers through the barrier potential in Esaki diodes,70,71

although with a significant current offset. At lower temper-
atures, as the thermal energy of the charge carriers are reduced,
the quantum mechanical tunneling effect dominates, making
the valley-like feature observed in the positive cycle more
prominent at 200 and 100 K (shown in Figures S13a and 14a
in the Supporting Information).
In this device, Ni may act as a spin-injector metal contact, to

a spin-polarized reservoir of charge, based on the negative
differential resistance and the unidirectional tunneling effect
through the Schottky barrier.72 Hence, along with the variation

of the trapped charges, a spin-dependent band alignment
causes the resistance to change along with an applied magnetic
field and forward or reverse bias. While various oxide systems
have been extensively studied for tunnel magneto-resistive
devices73−75 in nonvolatile memory applications74 and tunnel
magnetocapacitance devices for high frequency magnetic
sensing,76 here the Schottky barrier formation can enhance
magnetocapacitance effects,13,23 as noted above.
The nonzero magneto-resistance effects observed through

the transport characteristics of the Ni(3 nm)/BiInO3/(Ba,Sr)-
RuO3/NdScO3(110) heterostructure at room temperature
(Figure 4a,b) are illustrative of the Maxwell−Wagner effect
or magnetic field-dependent capacitance,13−15,22−24 known as
magnetocapacitance. This possibility is supported by the C−V
characteristics shown in Figure 4c,d. The positive and negative
C−V loops shown in Figure 4c,d, respectively, were calculated
using the standard definition of a capacitive impedance

C
fZ
1

2
=

(1)

Here, f = 97 Hz, which is the frequency of the AC supply used
in our experiment, and Z is the impedance calculated from the
I−V plots shown in Figure 4a,b. The I−V and C−V
characteristics of the Ni(3 nm)/BiInO3/(Ba,Sr)RuO3/
NdScO3(110)o heterostructure at 200 and 100 K displayed
similar behavior as shown in Figures S13 and S14 in the
Supporting Information, respectively. The reproducibility of
these measurements validates our contention that the Ni(3
nm)/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure
does exhibit significant magnetocapacitance at temperatures
all the way up to room temperature.
Comparing the results for room temperature (Figure 4), 200

K (Figure S13 in the Supporting Information) and 100 K
(Figure S14 in the Supporting Information) provide no
compelling evidence of any significant temperature depend-
ence for magnetocapacitance across this temperature range for
the Ni/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure.
In comparing the shift in the coercive voltage of the
measurements done both in the presence (4 T) and absence
(0 T) of magnetic field, at 300, 200, and 100 K, for the Ni/
BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure, some

Figure 4. Room-temperature I−V characteristics of Ni(3 nm)/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructures with (a) an increase in
voltage (positive loop) and (b) decrease in voltage (negative loop). The magnetic field was applied parallel to the surface normal. The inset of
panel (a) shows a schematic of the device heterostructure and current perpendicular-to-plane geometry. The calculated room-temperature C−V
characteristics with (c) increase in voltage (positive loop) and (d) decrease in voltage (negative loop) were taken at 97 Hz.
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indication of a temperature dependence may be inferred as
seen in Figure 5. For the negative cycle, there is some

indication that the effect of magnetic field on the shift in
coercive voltage decreases with increasing temperature, as
expected, but we can consider these data presently as
compelling. Apart from this, the effect of applied magnetic
field on the transport data taken at 300 K, 200 K, and 100 K
seems stable and reproducible. Likely, the spin filtering effect
Schottky barrier31 remains unperturbed over this range of
temperatures because, as we can infer from the band bending
seen in the XPS discussed above, the Schottky barrier height is
significant. The depolarization of the nickel thin film over this
temperature range is also not hugely significant. Basically for a
Sckottky barrier of any substantial width, there is no current
flow at voltages significantly less than the barrier height, but
when the barrier is very thin, different transport mechanisms
are in play and, as shown here, can be exploited. The
significant Schottky barrier height, indicated in the band
bending discussed above, imparts some insensitivity of the
magnetocapacitance and magneto-transport generally to
temperature for the Ni/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o
heterostructure.
The existence of the magnetocapacitance effect in our Ni(3

nm)/BiInO3/(Ba,Sr)RuO3/NdScO3(110)o heterostructure
system is far more likely to be due to the charge depletion
at the Ni/BiInO3 interface (as expected from the more
generalized Maxwell−Wagner interface effect).13−15,22,23,77−80

To elaborate further, in the presence of a magnetic field, the
number of spin-polarized electrons (accumulated at the Ni/
BiInO3 interface) increases, which results in the spin
polarization of the energy bands and a shifted hysteresis
loop. Of key significance is that the magnetocapacitance effect,
seen here at room temperature, exceeds 200% at some voltages
and low frequency (Figure S15 in the Supporting Informa-
tion), which is more significant than reported for graphene
oxide (20%),22 Au/GaAs/Si (21%),23 and CaCu3Ti4O12
(15%).24 The magnetocapacitance effects, seen at the Ni/
BiInO3 interface, are observed at temperatures higher than
those seen in other systems.

■ SUMMARY
In conclusion, we observe the formation of a Ni−Bi
intermetallic alloy at the interface between the Ni adlayer

and BiInO3 films. This results in p-type Schottky barrier
formation that leads to an inhomogeneous distribution of
charge at the interface. The I−V characteristics correspond to
nonvolatile modulation of the capacitance of the hetero-
structure. The magnetic field-dependent C−V shows that the
interfacial charge accumulation in the Ni/BiInO3/(Ba,Sr)-
RuO3/NdScO3(110) system exhibits a magnetocapacitance
effect at room temperature, which can be attributed to the
Maxwell−Wagner interface effect. This is an example of
magnetocapacitance that surprisingly can be observed even at
room temperature, without exploiting the magneto-electric
coupling common to multiferroic materials.
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