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Room-temperature transparent oxide spin electronics: A conducting interface in LaFeOQ;—SrTiO;
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The quest for realizing highly spin-polarized conduction in materials at room temperature is one of the central
themes of materials physics. We report on the realization of a conducting interface in LaFeO3; (LFO)-SrTiOs
(STO) that demonstrates spin-polarization signatures, namely, negative magnetoresistance (MR) and anomalous
Hall resistivity >150 K and even up to room temperature. However, the same system shows positive MR and
normal Hall effect at temperatures <150 K. From density functional theory calculations, we find that this is
related to the structural transition of the substrate, amplified here as the changes happen at the interface. This
leads to a net spin polarization of the interface states at the Fermi energy in the high-temperature phase, allowing
for an anomalous Hall effect and negative MR. In addition, this interface appears to be almost transparent in the
entire range of visible light. Our observation might be viewed as a step toward room-temperature transparent

oxide spintronics.
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The application of a magnetic field changes both the lon-
gitudinal and transverse resistance of the conductor [1-3]. In
usual nonmagnetic metals, longitudinal resistance increases as
a quadratic function of the applied magnetic field [positive
magnetoresistance (MR)] and transverse resistance as a linear
function of the applied magnetic field (normal Hall Effect).
In several instances, these expectations are not met due to
the presence of nontrivial topology of the band structure in
the momentum space or nontrivial spin texture in real space.
A few instances of such unusual occurrences of longitudinal
and transverse MR are negative MR [4], anisotropic MR [5],
singular MR [6], anomalous Hall effect [7], topological Hall
effect [8], and quantum Hall effect [9]. Understanding and
controlling such uncommon MRs is important in fundamental
physics and spintronic devices that exploit the electronic spin
for manipulating charge transport [1,10]. A convenient way
to realize such physical systems is through interfaces of two
distinct materials or superlattices. An era of oxide electron-
ics has emerged after the realization of the two-dimensional
electron gas (2DEG) at the interfaces between two insulating
oxides LaAlO3 (LAO) and SrTiO3 (STO) [11]. This interface
paves the way for the field of spintronics because, unlike
conventional 2DEGs, this 2DEG consists of electrons with
3d character, thus leading to the possibility of incorporating
magnetic interaction [12]. Unusual MRs such as anomalous
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Hall effect, negative MR, and magnetization have been re-
ported in this interface, but they are typically weak and
observed at very low temperatures [5,13]. There have been
multiple reports of perovskite oxide-based magnetic metals
being deposited on STO, which exhibit anomalous Hall ef-
fects, namely, CaRuO3 and SrRuO; [14,15]. Furthermore,
researchers have observed a nonlinear Hall Effect at the con-
ducting interfaces based on STO, such as LaTiOs3/StTiO3
and LaVO3/SrTiO; appearing at low temperatures [16,17].
These nonlinear Hall effects have been explained using a two-
band model. However, to date, no conducting interface based
on STO has been reported that simultaneously demonstrates
the existence of negative MR and anomalous Hall effect.
The increased desire for electronics that respond faster, are
more efficient, and have more storage space stimulates the
quest for materials. Transparent oxide spintronics is a field
of research that focuses on the use of transparent oxides
in spintronics devices. Spintronics is a branch of electron-
ics that uses the spin of electrons to store and manipulate
information, instead of their charge. Transparent oxides are
materials characterized by optical transparency, making them
suitable for integration with optoelectronic devices. If these
materials exhibit not only optical transparency but also non-
trivial electronic and magnetic properties, they could emerge
as promising candidates for application in transparent spin-
tronics. Transparent spin electronics aims to develop devices
that can be integrated with optoelectronic devices, such as
light emitting diodes (LEDs), solar cells, memory, displays,
and transparent sensors. The transparency of sensors allows
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monitoring of real-time data in a noninvasive way. In this
letter, our objective is to realize optically transparent ma-
terials that exhibit intriguing magnetotransport properties at
room temperature. Among other potential candidates, we
have chosen LFO for this letter because of its high Néel
temperature (740°C) and interesting magnetic interdomain
coupling [18,19]. The formation of the metallic interface at the
LFO-STO heterostructure has been reported [20,21], but
detailed magnetotransport measurement of this metallic inter-
face especially near room temperature is still not explored.
The proposed models in the literature for the origin of
metallicity at the interface of LAO-STO are electronic recon-
struction, cation intermixing, oxygen vacancy, and structural
disorder. Among them, the most accepted model is electronic
reconstruction, but in the case of LFO-STO, emphasis on
cation intermixing/dynamic layer rearrangement is also sug-
gested as a possible origin of the conducting interface [21].

The conducting electrons possess a Ti 3d character in the
LAO-STO interface. On the other hand, it has already been re-
ported that, unlike the LAO-STO interface, for the LFO-STO
interface, the conduction electrons predominantly occupy the
Fe 3d band because the Fe band lies below the Ti band ow-
ing to the band gaps and band alignments of STO and LFO
[22,23]. This Fe band character of the conducting elections
might capture the essence of the magnetic spin texture of the
LFO layer and might be reflected in the magnetotransport
properties of the 2DEG formed at the interface of LFO-STO.

Here, we report on the appearance of room-temperature
negative MR and anomalous Hall effect because of room-
temperature spin-polarized conduction electrons at the con-
ducting interface of LFO-STO. The negative MR and
anomalous Hall effect convert into positive MR and normal
Hall effect <150 K. Density functional theory calculations
suggest that this is associated with the structural transition
of the substrate. While the carriers at the Fermi level are
not spin-polarized in the lower temperature regime when the
substrate has tetragonal symmetry, they are found to be spin-
polarized in the interfacial Ti layer, with a moment in the z
direction in the high-temperature cubic phase of the substrate.
Around 90% transparency has been observed for this interface
in the visible and near-infrared (NIR) light region. Through
controlled experiments, we have demonstrated that this is a
unique feature of this interface at a low charge carrier density
limit.

The thin film fabrication and surface characterization are
discussed in Sec. 1 in the Supplemental Material [24]. In
Fig. 1(a), we have drawn a schematic of the LFO-STO het-
erostructure and the layered arrangement of LFO and STO in
the (001) direction. For transport measurements, the contacts
were made with a wire bonder (West Bond, 7400 series)
using Al wire. Transport measurements were carried out us-
ing a physical property measurement system (PPMS, 14 T
Quantum Design Dynacool). The optical transmission mea-
surements for the LFO-STO system were performed using an
Agilent Carey UV-visible spectrometer. The sheet resistance
of the sample as a function of the temperature is presented
in Fig. 1(b). The resistance decreases with decreasing tem-
perature down to 1.8 K, suggesting a metallic nature of the
interface.
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FIG. 1. Schematic and resistivity measurements. (a) Schematic
of the LFO-STO heterostructure showing alternately charged lay-
ers arrangement in both LFO and STO that leads to the formation
of the two-dimensional electron gas (2DEG) at the interface. (b)
Temperature-dependent 2D resistivity of LFO-STO interface.

Figures 2(a) and 2(b) show the dependence of the percent
MR (right axis) and Hall resistance (left axis) as functions of
the applied magnetic field at 100 and 300 K, respectively. The
percent MR is defined as [%(g;*(o)] x 100, where R, (B)
is the resistance at the magnetxixc field B, and R,,(0) is the
resistance at zero magnetic field.

At 300 K [Fig. 2(b)], we have observed the signature of
negative MR (1%) and nonlinear Hall resistance (a feature
of the anomalous Hall effect), indicating the existence of an
anomalous Hall effect. However, at 100 K, we have observed
positive MR and linear Hall resistance as a function of B.
Figures 2(c) and 2(d) show the raw Hall data (black) marked
as R,, as a function of the applied magnetic field, the linear fit
(red) of the raw data, and the subtracted part (blue) of the raw
data from the linear fit marked as anomalous Hall resistance
(Rf?yHE) for the LFO-STO interface at 100 and 300 K, respec-
tively. To extract the anomalous component of the Hall data,
we conducted a linear fitting within the magnetic field range of
1014 T. Importantly, this same fitting procedure was applied
to all Hall datasets to isolate the anomalous part. At 100 K,
there is no signature of anomalous Hall resistance, whereas
at 300 K, there is a finite anomalous Hall resistance. To avoid
potential ambiguity arising from the subtraction process of the
anomalous part of the Hall data with respect to temperature,
we have depicted the difference in slopes at 13 and 3 T (the
difference zero suggest the ordinary Hall effect and the finite
difference suggests an anomalous Hall effect) as a function
of temperature in Fig. S4 in the Supplemental Material [24].
This indicates strong agreement between the transition tem-
perature derived from this method and that obtained through
linear subtraction of the Hall data. To explore the transition
from negative MR to positive MR and anomalous Hall effect
to normal Hall effect at a low temperature further, we have
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FIG. 2. Magnetotransport measurements at 300 and 100 K.
(a) and (b) % magnetoresistance (right axis) and Hall resistance (left
axis) as a function of the temperature of the LFO-STO interface
measured at 100 and 300 K, respectively. (c) and (d) Raw Hall data
(black) marked as R,, as a function of the applied magnetic field,
the linear fit (red) of the raw data, and the subtracted part (blue) of
the raw data from the linear fit marked as anomalous Hall resistance
(RAHE) for LFO-STO interface at 100 and 300 K, respectively.

performed longitudinal MR and transverse MR (R,,) measure-
ments at several selected temperatures.

Figures 3(a) and 3(b) depict the longitudinal percent MR
and anomalous Hall effect as a function of the applied mag-
netic field measured at the selected temperatures. Figure 3(c)
exhibits the magnetization as a function of the temperature
measured under the application of a 100 Oe magnetic field.
There are two important points to be noted from this figure.
First, the magnetization is sustained even up to room temper-
ature, and second, there is some phase transition at ~150 K. It
is evident that, <150 K, there is a rapid increase in magnetiza-
tion as a function of the decreasing temperature. On the other
hand, >150 K, the magnetization decreases rather slowly with
increasing temperature. We call the low-temperature magnetic
phase the x phase (<150 K) and the high-temperature phase
the y phase. The detail of these two magnetic phases is not
clear at this moment and needs further study, but at the same
time, this is beyond the scope of this letter. The magnetization
vs applied magnetic field data measured at 100 and 300 K
are shown in Fig. S2 in the Supplemental Material [24]. The
saturation magnetization at 300 K is lower than that at 100 K.
We have performed M-T measurements on various samples
with different thicknesses of LFO, and we have included the
corresponding data in Fig. S3 in the Supplemental Material
[24]. The obtained results indicate that the transition takes

place at ~150 K for lower thickness and gradually disappears
as the thickness of LFO increases. This finding aligns well
with our nonlinear Hall and negative MR data (Fig. 4), which
were obtained as a function of LFO film thickness. Figure 3(d)
represents the percent MR (left axis) and anomalous Hall
effect (right axis) as a function of temperature. It is worth
noting that a positive to negative percent MR and nonzero
anomalous Hall effect both appear > 150 K. This correlation is
remarkable and suggests that the high-temperature y-phase
magnetic state is responsible for negative MR and nonzero
anomalous Hall effect. We have considered three layers of
LaFeO; grown on four layers of SrTiO3; considering both
the tetragonal (low temperature) and cubic (high temperature)
phases [25] and calculated the electronic structure. The sur-
face FeO, layer has an oxygen vacancy. Despite considering
an antiferromagnetic arrangement of the Fe spins in each
layer, a net magnetization develops in the presence of spin-
orbit interactions and is larger in the tetragonal case than in
the cubic case. The density of states (DOS) for the interfacial
Fe (represented by the blue line) and Ti (represented by the
red line) d orbitals is plotted in Fig. 3(e). The panels to
the left of the dotted line correspond to the low-temperature
phase, while those on the right represent the high-temperature
phase. Additionally, the respective spin-polarized DOS for the
interfacial Ti d states are also shown in each case. Based on
these results, we associate the 150 K transition seen here to the
tetragonal-to-cubic transition found in SrTiO3, with its tem-
perature increased because of the electron doping, as reported
earlier [26]. The presence of oxygen vacancies in the surface
layer leads to a partial occupancy of the interfacial Ti states,
leading to their spin polarization for the cubic substrate, with
the moment in the z direction. The spin polarization of the
carriers at the Fermi level is found to vanish for the tetragonal
substrate. These results are consistent with the experimental
observations of the anomalous Hall effect, and the negative
MR that one finds > 150 K. As the interface plays an important
role in the observed phenomena, the effects are associated
with the phase transition of SrTiO3. The Ti states at the Fermi
level are found to have d,, character, with small weights from
the d,, and d,, orbitals. These orbitals couple with those on
the neighboring oxygens as well as the interfacial Fe atoms
leading to a small spread of the spin-polarized charge density
onto those layers. Even in the tetragonal case that has no
spin polarization at the Fermi level, by artificially changing
the in-plane lattice parameter with a 1% expansion, one finds
spin polarization developing with a slight narrowing of the
bands. This suggests a Stoner mechanism for the observed
spin polarization.

Figures 4(a) and 4(b) represent the percent MR and Hall
resistance for the LFO-STO sample for different thicknesses
of LFO film at room temperature as a function of B. It is ob-
served that, with an increasing thickness of the LFO thin film,
both the negative percent MR and the anomalous part [inset of
Fig. 4(b)] of the Hall resistance decrease. We have calculated
the carrier density of the samples with different thicknesses of
the LFO layer from the high field slope of the Hall resistance.
We have observed that, with an increasing thickness of the
LFO layer, the carrier density initially increases rapidly, and
then it slowly saturates. In Fig. 4(c), we have plotted the per-
cent MR (left axis) and anomalous Hall resistance (right axis)
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FIG. 3. Temperature-dependent magnetotransport and superconducting quantum interference device (SQUID) measurements. (a) Magne-
toresistance (MR) of the LFO-STO interface as a function of the applied magnetic field measured at selected temperatures as marked in the
figure. (b) Anomalous Hall resistance of the LFO-STO interface as a function of the applied magnetic field measured at selected temperatures
as marked in the figure. (c) Magnetization of LFO-STO (black) and annealed STO (red) as a function of temperature measured under the
application of 100 Oe magnetic field. (d) % MR (left axis) and anomalous Hall resistance (right axis) as a function of the temperature of the
6 ml LFO-STO interface. (e) The density of states (DOS), for the interfacial Fe (in Navy line) and Ti (in red line) d orbital, is plotted along with
the spin-polarized DOS (m, contribution of d orbital) of the interfacial Ti (up in pink line and down in blue line) for both when the substrate is
in low temperature (tetragonal phase) and in high temperature (cubic phase).

as functions of carrier density. It is evident from this figure
that an increasing carrier density decreases both negative MR
and anomalous Hall resistance. To present a correspondence
between the number of LFO layers and carrier density, we
have marked the number of LFO layers at the top x axis. In
STO, there is a band insulating gap of 3.2 eV between the
O 2p and Ti 3d bands, and LFO is a charge transfer insulator
with a band gap of 2.2 eV between the O 2p and hybridized Fe
unfilled f,, bands [27,28]. In addition, at the interface, the Fe
I, band is situated lower than the Ti band. In the lower carrier
concentration region, the conduction electron fills the Fe band,
giving a flavor of magnetism and leading to a strong magnetic
correlation effect [22,27-30], whereas the disappearance of
the anomalous Hall effect and negative MR at high carrier
density limit is not clear at this moment. Further spectroscopic
study at the interface and detailed band-structure calculation
are needed to understand this. We have prepared several other
conducting interfaces and performed similar magnetotrans-
port measurements as controlled experiments. Figure 4(d)
presents a comparative study of the percent MR of differ-

ent conducting oxide samples (LAO-STO, LaVO;3-STO, and
Nb-doped STO) and our present LFO-STO interface. The
inset of Fig. 4(d) is the enlarged version of the percent MR
as a function of B for LAO-STO, LaVO3-STO, and Nb-doped
STO samples. A comparative study of the anomalous Hall
effect is also shown in Fig. 4(e) as a function of B. The inset
presents the raw Hall data as a function of B. It is remarkable
to note that both negative MR and anomalous Hall effect at
room temperature are unique only to the LFO-STO interface.
Figure 4(f) represents the percent transmission of light of
the sample as a function of light energy. Around 90% trans-
parency was observed with a negligible drop in transmission
above the visible region to the infrared region. The inset of
Fig. 4(f) shows a photograph of the sample, indicating the
optical transparent nature of the sample.

In conclusion, LFO-STO is found to have a temperature-
dependent transition into a regime supporting spin-polarized
transport at the interface. Interestingly, the temperature-
dependent spin polarization is found to emerge from the
structural phase transition associated with the nonmagnetic
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FIG. 4. Magnetotransport measurements for LFO-STO, LVO-STO, LAO-STO, and Nb-STO at 300 K and band schematic for LFO-STO
interface. (a) % magnetoresistance (MR) as a function of the applied magnetic field measured at 300 K for conducting interface LFO-STO with
different thicknesses of LFO thin films (4, 6, 10, and 40 ml) as mentioned in the figure. (b) Hall resistance as a function of the applied magnetic
field measured at 300 K for conducting interface LFO-STO with different thicknesses of LFO thin films (4, 6, 10, and 40 ml) as mentioned
in the figure. The inset presents the anomalous part of these samples as a function of the applied magnetic field. (c) % MR (left axis) and
anomalous Hall resistance (right axis) as a function of charge carrier density (mentioned at the bottom axis) formed at the conducting interface
of LFO-STO with different LFO thicknesses (mentioned at the top axis). (d) % MR as a function of the applied magnetic field measured at
300 K for conducting interface of LAO-STO, LVO-STO, LFO-STO, and Nb-doped single crystal of STO as mentioned in the figure. The
inset shows the zoomed version of the same. (¢) Anomalous Hall resistance as a function of the applied magnetic field measured at 300 K for
conducting interface of LAO-STO, LVO-STO, LFO-STO, and Nb-doped single crystal of STO as mentioned in the figure. The inset shows
the raw Hall data without linear subtraction. (f) % transmission of light as a function of light energy. The inset presents the real image of the

sample.

STO substrate. Unlike the LAO-STO interface, the unusual
spin-polarized transport in the high-temperature regime es-
tablished here may produce surprising effects that are not
only interesting from the point of view of fundamental
physics but also could be utilized to realize materials for
spin-electronics applications at room temperature. Our re-
sult may open an avenue in the field of spintronics to
design materials with appropriate electronics band alignment,
nontrivial spin texture, and above all, a coupling between
them.
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