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Abstract. With an ever intensifying hunt for quantum materials with integrated functionalities, transition metal oxides
provide a simple yet rich option to explore. In this article, we bring out the potential of a perovskite oxide KTaO3 (KTO)
as a candidate for future generation quantum technologies as well as a hunting ground to understand the topological
effects in oxides. We show that the heterostructures of insulating KTO with other insulating oxides LaVO3 (LVO) and
EuO are not only conducting, but have strong spin-orbit coupling leading to momentum-dependent spin-splitting—the
Rashba effect. In LVO–KTO, the Rashba spin-split bands are shown to give rise to anisotropic magnetoresistance and
planar Hall effect, while in EuO–KTO, a non-trivial Berry’s phase analysed from the quantum Shubnikov-de Haas
oscillations is observed.
Keywords. Perovskite oxides; strong spin-orbit coupling; Rashba effect; quasi 2-dimensional electron gas; Berry’s
phase; Shubnikov-de Haas oscillations.

1.

Introduction

With the evolution of human race and its needs, there has
always been a continuous hunt for sustainable materials
fulfilling all its requirements. With the first experiment of
observation of static electricity to the realization of supercomputers performing 1017 floating point operations per
second, we have evolved all the way from raw electricity to
fine electronics and their integration. And now, the theories
of condensed matter physics have even made it possible to
exploit the spin degree of freedom of an electron to make
spin-based quantum devices [1–3]. Every step leading to
improvement in this field has always been accompanied by
the new discoveries in the field of material science. After an
era of conductors and semi-conductors playing major role in
the field of electronics, recent times have witnessed a surge
in the exploitation of insulators for use in electronic devices. One such class of insulators that has gained recent
interest is ‘oxides’ [4–6]. Although known for centuries,
oxides had never been widely explored for electronics
applications till late 1980s when the observation of high
temperature superconductivity drew the attention of scientists towards this class of materials [7]. Particularly, the
transition metal oxides are really interesting to explore
because of their d-orbital electrons. The correlated electrons
This article is part of the special issue on ‘Quantum materials and
devices’.

in their d-orbitals give rise to a variety of exotic phenomena
like metal–insulator transitions, Mott-insulators, charge and
spin ordering, multiferroicity and superconductivity, etc.
[8]. All these properties and particularly their integrability
in oxides makes them the materials of choice for future
generation electronic devices [6]. Not only for device
applications, oxides have also attracted interest to explore
them for understanding fundamentals of science [9]. For
example, the possibility of realization of the Rashba
effect—the momentum-dependent splitting of spin bands in
oxides make them candidates not only for use in spinbased quantum devices, but also for understanding any
topological effects arising out of the linear dispersion
relation at the band crossing point of the Rashba spinbands [9,10].
Among transition metal oxides, SrTiO3 (STO) had been
the material of great interest because of manifestation of
exceptional properties from being insulating to superconducting, ferroelectric, etc. [11–14]. This simple cubic perovskite oxide has an extremely high dielectric constant at
room temperature, which scales to as high as *104 at low
temperature making it an ideal oxide for field effect applications [15]. These interesting bulk properties coupled with
the improvements in thin film growth techniques led to an
extensive research on STO, including studies on strained
STO [16], low-dimensional STO [17] and even resulted in
realization of conducting two-dimensional electron gas
(2DEG) at the interface of insulating STO with other
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insulating perovskite oxides [18–20]. The seminal work by
Ohtomo and Hwang [18] on heterostructure of LaAlO3
(LAO) and STO in 2004 revolutionized the field of the
oxide electronics and brought it on a different level. LAO–
STO heterostructure became a hunting ground to explore
new functionalities, and many emergent phenomena like
superconductivity [21], magnetism [22], coexistence of
superconductivity and magnetism [23], ferroelectricity [24],
charge ordering [25], etc. were witnessed in this heterointerface of insulating, non-magnetic oxides. Not only with
LAO, STO is found to form 2DEG at its interface with other
oxides as well [19,20,26–30]. However, to extend the use of
STO-based systems in the emerging spin quantum applications, the spin-orbit coupling strength of STO is not very
high (17 meV) [31].
In this article, we focus on another member of perovskite
oxide family, KTO, which in addition to having properties
similar to STO has a spin-orbit coupling strength of *400
meV, an order of magnitude higher than that of STO
[31–34]. Inspite of having properties like dielectric constant, crystal structure, lattice constant similar to STO, KTO
has been far less investigated [35]. The main obstacle for
studying KTO is related to the instability of KTO crystal
due to high volatility of potassium [36]. Although a technique to compensate for the volatility was proposed [37]
and epitaxial thin films of un-doped KTO can be grown
[38], not many reports have come up to realize 2DEG at its
interface with other oxides or to use its high spin-orbit
coupling strength for realization of Rashba-spin splitting for
both device or fundamental science applications. This sets
the scene for key motivation of this work, which is to bring
out the importance of realization of low-dimensional electron gas and Rashba-spin splitting in KTO and use its
unexplored zoo of properties for future generation quantum
technologies. The simple all-oxide system can also be used
to understand the rich physics arising in topological systems
with linear band dispersion relations.
In this article, we discuss the recently reported conducting heterointerfaces of KTO, made by growing thin films of
different oxides (LVO and EuO) on it using laser-based
molecular beam epitaxy (LMBE) [39,40]. The fluence of
the ablating laser (laser energy/laser spot area) plays a
crucial role in determining the stoichiometry of the film
being grown so; first of all, we have discussed an optimization study of laser fluence on the known heterostructure LVO–STO [41], which is then used for realizing
conducting LVO–KTO and EuO–KTO heterostructures.
The heterostructures are shown to have strong spin-orbit
coupling. Anisotropic magnetoresistance (MR), a relativistic magnetotransport phenomenon observed in magnetic and
some topological systems is also predicted in systems with
the Rashba-Dresselhaus-type spin-splitting [42–47]. We
also discuss the signature of topological chiral anomaly via
observation of oscillations in longitudinal anisotropic
magnetoresistance (AMR) and planar Hall effect (PHE) in
the LVO–KTO system [39]. In EuO–KTO heterostructure,
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we present the detection of a non-trivial p-Berry’s phase via
analysis of quantum Shubnikov-de Haas (SdH) oscillations
observed in the system [40]. The analysis of the SdH
oscillations pattern is found to suggest the presence of two
Fermi surfaces contributing towards oscillations.

2.

Results and discussion

2.1 Optimization of thin film growth conditions using
LVO–STO
The reported conducting heterostructres were realized by
growing thin films on substrates using LMBE. Figure 1a
shows the picture of the LMBE and NW working on it. In this
system, the target material whose thin film is to be deposited is
ablated using a UV-laser, and the substrate is placed just
vertically above the target at a defined distance. The ablation
of the target with the laser results in electronic excitations in
the irradiated area followed by heating, and thus evaporation
of the target material from the ablated region and formation of
a plume. The vapors in the plume expand and reach the
substrate surface, where they condensate and create thin layer
of material removed from target. The substrate is continually
heated using another infrared heating laser to activate its
surface. The substrate temperature is one of the most vital
factors influencing the quality of the film growth. It controls
the nucleation density and plays a great role in deciding the
morphology of the film. In addition to this, diffusion of the
target species on the substrate surface also greatly depends on
the substrate temperature. By varying the substrate temperature, the film growth can be varied from island to layer-bylayer to step-flow growth. During growths, involving oxide
substrates, at high substrate temperatures, there is always a
chance of creation of oxygen vacancies due to heating and
knocking by the depositing material. In order to avoid any
oxygen vacancies, the deposition chamber is maintained at a
fixed oxygen partial pressure during the growth process.
Another parameter that plays a crucial role in determining the
stoichiometry of the grown film is the laser fluence [48]. Laser
fluence is defined as the laser energy per unit area of the laser
spot falling on the target. The more laser energy per unit spot
area means larger number of target species being ablated and
reaching the substrate. The inset in figure 1b upper and lower
panels show the plume formation for low (0.8 J cm–2) and
high (4 J cm–2) fluence, respectively. The quality, the stoichiometry, properties and even how the film grows, i.e., in a
layer-by-layer fashion, step-flow method or as 3D islands, can
be controlled by varying the different growth parameters.
Here, we firstly discuss the optimization of the growth
conditions using known material LVO–STO [19,41]. For
this work, KrF laser having wavelength 248 nm was used to
ablate the polycrystalline LaVO4 target material to form
LVO films on STO substrate. One of the other crucial
parameters for realization of the conducting interface using
perovskite oxides (ABO3) is the substrate termination. It has
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Figure 1. (a) Picture of NW working on LMBE in the laboratory of SC, this LMBE was sponsored by DSTNanomission. (b) Temperature-dependent 2D resistivity of LVO–STO samples grown at low (0.8 J cm–2) and high (4
J cm–2) laser fluence. The inset shows the plume formation on ablation of the target with laser for different laser
fluences. (c) Schematic of the polar/polar LVO–KTO interface depicting the atomic layer arrangement and the charge
per unit layer. (d) Temperature-dependent 2D resistivity for 4 monolayer (ML) LVO–KTO sample. (e) Hall resistance
data for 4 ML sample at 1.8 K.

been shown that with the layered (AO/BO2) structure of
perovskite oxide, only BO2 terminated substrate is able to
host an electron gas. The AO layer terminated substrate
forms an insulating heterostructure [49]. So, the STO (001)
and KTO (001) substrates are single terminated using
method of high temperature annealing followed by etching
with deionized water as discussed in our previous work
[50]. The substrate temperature was optimized to 600°C and
the oxygen partial pressure was optimized to 1 9 10–6 Torr.
The distance between the target and the substrate was kept
at 50 mm. For these fixed parameters, laser fluence was
found to play a great role in deciding the conductivity of the
heterostructures. On systematically varying the laser fluence
from 0.6 to 4 J cm–2, it was found that the samples formed
at laser fluence less than 1 J cm–2 were insulating, while the
samples formed above it were conducting. Figure 1b shows
the resistance vs. temperature plot of the LVO–STO samples grown at 0.8 and 4 J cm–2. It can be seen that the
sample grown at low fluence is insulating, while the sample
grown at higher fluence is metallic down to low temperatures. The reason for the change in the conductivity of the
samples is ascribed to the changes in stoichiometry of the
LVO films when grown using different fluences [41]. Ladeficient films (grown at higher fluence) show the metallic
behaviour, whereas the stoichiometric and La-rich films
(grown at lower fluence) are insulating. Variation of La
composition by 1% is sufficient to tune conducting interface
into insulating one. A more detailed trend of the conductivity of the LVO–STO samples is discussed in reference
[41].

2.2

LVO–KTO heterostructure

Using the optimized laser fluence for LVO–STO, thin films
of LVO were grown on (001) oriented Ta-terminated KTO
single crystals using LMBE. LVO–STO is a polar/non-polar

heterostructure, i.e., the alternating layers of LVO have net
charge and that of STO are charge neutral, whereas LVO–
KTO is a polar/polar heterostructure. The schematic of the
LVO–KTO heterostructure is shown in figure 1c. The
schematic image shows the layered atomic arrangement and
the net charge per layer. The thin films were grown using
same LaVO4 polycrystalline target. The substrate temperature was kept at 600°C and an oxygen partial pressure of
1 9 10–6 Torr was maintained in the chamber. From optimization on LVO–STO samples, the laser fluence for LVO–
KTO growth was selected to be 4 J cm–2. The thickness of
the films was controlled using reflection high-energy electron diffraction technique [39].
2.2a Electrical properties: To verify the conductivity of
the samples, electrical-transport properties of the grown
heterostructures were measured using physical property
measurement system (Quantum Design, Dynacool setup, 14
T). For these measurements, contacts were made by
ultrasonically wire-bonding the interface in four-probe
geometry. The size of each contact pad was around
0.2 9 0.2 mm2. Figure 1d shows the temperaturedependent
two-dimensional
resistivity
(q2D)
for
conduction parallel to the interface for 4 monolayer (ML)
LVO–KTO sample. It can be seen that the sample is
conducting down to 2 K. Then the charge carrier density
and mobility of the sample were calculated by performing
Hall measurements on the sample. The contacts were made
using wire-bonder in Hall bar geometry, and the magnetic
field was applied normal to the sample current carrying
plane, as shown in figure 2a (upper panel). Figure 1e shows
the Hall resistance of 4 ML LVO–KTO sample performed
at 1.8 K. The charge carrier density of the sample was found
to be 1.02 9 1014 cm–2 at 1.8 K, and the mobility of sample
was calculated to be 406 cm2 V–1 s–1. This mobility was
reasonably high for an all-oxide system. So, a conducting
heterointerface of insulating KTO with Mott-insulator LVO
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Figure 2. (a) Schematic of the connection geometry for magnetoresistance measurements for magnetic field applied
out-of-plane (upper panel) and in the plane (lower panel). (b) Magnetoconductance plot of 4 monolayer sample as a
function of magnetic field showing weak anti-localization due to high spin-orbit coupling along with the fitting.
(c and d) Angle-dependent PHE (Ryx) and AMR (Rxx) measured at 1.8 K for different magnetic fields.

was successfully realized. The presence of single type of
charge carriers in the system was confirmed by the linear
variation of Hall resistance with magnetic field (figure 1e).
2.2b Out-of-plane magnetotransport measurements: After
confirming the conducting nature of the LVO–KTO
samples, we discuss the low temperature conventional MR
measurements performed on the samples. For these
measurements, magnetic field was applied perpendicular
to the interface of LVO and KTO and longitudinal
resistance was measured (see figure 2a, upper panel).
These MR measurements clearly revealed the presence of
weak-antilocalization and hence strong spin-orbit coupling
in the LVO–KTO system [31,51,52]. A theory by
Iordanskii, Lyanda-Geller and Pikus (ILP theory) had
been developed to describe the weak-antilocalization in
magnetoconductance for the materials with strong spin-orbit
coupling. The expression of the magnetoconductance
developed by ILP theory is given by [52,53]
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where, B is the applied magnetic field, B/ (h/4el/2) and BSO
(h/4elSO2) are two characteristic magnetic fields related to
phase coherence length (l/) and spin-precession length
(lSO), w is the digamma function and Go (e2/ph) is the
quantum conductance. The last term with coefficient Ak is
the Kohler term, which accounts for the orbital magnetoconductance having B2 dependence. The ILP theory was
derived for the magnetic field region B \ h/2elm2; where lm
is the mean free path of the carriers [31,52]. For the 4 ML
LVO–KTO sample, h/2elm 2 was estimated to be 0.3 T.
However, the data are able to fit up to 2 T as shown in
figure 2b. A high value of BSO *4 T was calculated from

the fit. The corresponding spin-precession length was
calculated to be 6 nm. Phase coherence length of 70 nm and
magnetic field strength corresponding to in-elastic scattering B/ = 0.03 T was evaluated for the system. The high
value of BSO in the system confirmed the presence of strong
spin-orbit coupling in LVO–KTO heterostructure. This
value of BSO was found to be the highest among oxidebased systems reported so far [39].
2.2c Planar Hall effect and anisotropic MR: Signature
of Rashba spin-splitting in LVO–KTO was confirmed from
the in-plane magneto-transport measurements. For these
measurements, magnetic field was applied in the current
carrying plane of the sample and the transverse (Ryx) and
longitudinal MR (Rxx) were measured as shown in figure 2a
lower panel. The transverse MR was called PHE and the
longitudinal MR was called AMR. Usually, magnetic
systems exhibit PHE and AMR and they are associated
with the crystalline anisotropy of the system [42,43].
However, in recent times, some topological systems have
also been reported to exhibit PHE and in-plane AMR
[44,45]. The origin of these effects in topological systems is
ascribed to the anisotropic spin flip transition probabilities
arising from the broken time reversal symmetry. Also,
theoretically, the systems with the Rashba-Dressalhaus type
of spin-band splitting in the presence of magnetic impurities
have been predicted to exhibit PHE and in-plane AMR
[46,47]. Although predicted theoretically, the experimental
observation of these phenomena in 2DEG systems with high
spin-orbit coupling is not well explored. Observation of the
large spin-orbit coupling in the LVO–KTO system
motivated the performance of in-plane magneto-transport
measurements on LVO–KTO.
For these measurements, magnetic field was applied in
the sample plane and simultaneously the Rxx and Ryx were
measured while varying the in-plane angle between current
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I and B. The measurements were done at 1.8 K and the
magnitude of applied magnetic field was varied. Figure 2c
shows the transverse MR Ryx as a function of scan angle
between B and I for different magnetic fields. For a typical
conductor with trivial band structure, one should not expect
seeing any transverse resistance with magnetic field applied
in the sample current carrying plane. Oscillations were
observed in the planar Hall resistance of LVO–KTO, as
shown in figure 2c. The resistance oscillations had minima
at 45° and maxima at 135° repeated at 180° interval. These
oscillations could be fit using as a function sin(/) cos(/). It
was seen that, on varying the magnetic field, the amplitude
of oscillations was also varied but the nature of oscillations
remained same throughout.
On measuring the longitudinal resistance as a function of
scanning the angle between B and I, even Rxx was found to
show oscillatory behaviour. This behaviour was different
for different magnitude of magnetic fields. It was observed
that up to 8 T, there were two-fold periodic oscillations in
Rxx, which slowly changed to four-fold oscillations above 8
T [39]. Figure 2d shows the Rxx behaviour for 14 T and 5 T
magnetic fields. The low field two-fold oscillatory behaviour could be fit using function cos2(/), while the four-fold
behaviour of the longitudinal MR could only be fitted by
cos2(/) ? cos2(2/) [39]. It was found that the low field
behaviour of Rxx is very similar to that observed in topological insulator systems, such as Bi2–xSbxTe3 thin films
[44].
In topological materials, PHE originates from the
Adler-Bell-Jackiw (ABJ) chiral anomaly and nontrivial
Berry curvature and is regarded as an evidence of the Dirac/
Weyl cones in the band structure [44,54–59]. In contrast,
metals and semiconductors with trivial band structure are
not expected to show PHE. The angular dependence of PHE
and AMR of LVO–KTO system is very similar to that
observed for topological systems and can be intuitively
understood on the basis of electronic transitions, which take
place between the Rashba-split energy bands. In LVO–KTO
system, due to the electric field developed at the interface
because of broken inversion symmetry, the relativistic
electrons in 5d orbitals of Ta experience a pseudo magnetic
field in the conduction plane and hence may lead to Rashba
spin-splitting. The observation of significant spin-orbit
interaction has already been reported, from ARPES measurements in a single crystal of KTO [60]. The occurrence
of a Rashba spin-splitting that depends on the additional
presence of an electric field has also been observed in this
material, for a Fermi wave vector (*0.2 to 0.4 Å–1) with
carrier density of *2 9 1014 cm–2. On the other hand, here
this system is not just KTO but also its interface with
another polar material LVO. Hence, like KTO, the interface, for a carrier density of 1.02 9 1014 cm–2 at a Fermi
vector of 0.3 Å–1, can be expected to exhibit a prominent
Rashba effect. The observed PHE and AMR can then be
explained on the basis that, in LVO–KTO the degenerate
energy parabola of electrons is Rashba splitting into two
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Figure 3. Rashba energy-split bands showing spin-texture at a
particular energy and the possible back-scattering electronic
transitions.

parabolas, as shown in figure 3. Application of an external
magnetic field in the conduction plane further adds a
Zeeman splitting term. The external parabola is called the
majority band and the internal parabola is called the
minority band. Depending on the spin of the electron,
propagation vector k, Rashba strength parameter, and the
direction and magnitude of the external applied magnetic
field, the electrons can make transitions between majorityto-majority (or minority-to-minority), i.e., intra-band
transitions and majority-to-minority (or minority-to-majority), i.e., inter-band transitions. Each allowed transition
results in back-scattering of the conduction electrons and
hence, contributes to increase in resistance. Change in the
direction of the applied magnetic field changes the possible
back-scattering transitions scenario and hence changes the
resistance of the sample. Figure 3 shows some of the possible back-scattering transitions between different bands.
However, these experimental observations open a new
aspect of the possibilities in oxides with strong spin-orbit
coupling, a detailed theoretical model of such systems is
essential to understand the true origin of these experimental
observations of oscillatory MR.

2.3

EuO–KTO heterostructure

The other KTO-based heterostructure that has attracted
recent interest is EuO–KTO. Formed between a magnetic
insulator EuO and KTO, this heterostructure is known to
host high mobility spin-polarized 2DEG at its interface [61].
In this section, we discuss the manifestation of quantum
SdH oscillations by EuO–KTO, leading to detection of nontrivial geometric Berry’s phase. The quantum systems
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undergoing adiabatic evolution on a closed path acquire a
geometrical phase known as Berry’s phase [62,63]. A
variety of emergent phenomena—the quantum Hall effect
[64], charge pumping [65], topological insulating and
superconducting phases [66], etc. are observed due to a nontrivial Berry’s phase. And a non-trivial Berry’s phase can be
realized for charge carriers that have cyclotron orbits
enclosing a Dirac point in k-space [67,68]. Systems with the
Rashba spin-band splitting possess a Dirac point in
momentum space and hence, it may act as a source of
Berry’s phase for the conduction electrons of such systems.
So, in this section we show the recent detection of Berry’s
phase in the EuO–KTO heterostructure [40].
The EuO–KTO heterostructures were grown using
LMBE on (001) oriented KTO substrates. Prior to deposition, the substrates were annealed at 600°C for 4 h in air.
During the deposition, the substrate temperature, laser
fluence and repetition rate were 300°C, 4 J cm–2 and 2 Hz,
respectively. The oxygen partial pressure of the deposition
chamber was 6 9 10–8 Torr during growth, while the base
pressure of the chamber was 1 9 10–9 Torr. A film of
thickness 10 nm was grown using KrF laser and the thickness was monitored by reflection high-energy electron
diffraction technique. The thickness of the film was further
confirmed by atomic force microscopy (Bruker Multimode
8) [40].
2.3a Electrical properties: The conductivity and the
carrier density of the samples was checked using physical
property measurement system. The connections were made
in linear four-probe geometry and transverse Hall bar
geometry, as shown in figure 2a. The contact pads were
made by depositing titanium and gold using e-beam
evaporator and were ultrasonically wire-bonded. Figure 4a
shows the 2D resistivity of the EuO–KTO sample as a
function of temperature. It can be seen that the sample was
conducting down to low temperatures. Figure 4b shows the
Hall resistance of the sample at 1.8 K as a function of
magnetic field. The sample was found to exhibit anomalous
Hall effect (AHE) due to the presence of ferromagnetic EuO
layer. The measurement of Hall resistance at different
temperatures revealed that the AHE disappears above the
Curie temperature of EuO (69 K) [40]. The charge carrier
density and mobility were calculated from the Hall
measurements at 1.8 K and were found to be 5.0 9 1013
cm–2 and 1380 cm2 V–1 s–1, respectively. The high mobility
at 1.8 K suggested that the 2DEG was formed towards the
KTO side of the interface [40].
2.3b Shubnikov-de Haas oscillations and Berry’s
phase: Magnetotransport measurements were performed
on EuO–KTO samples by applying magnetic field normal to
the sample surface, as shown in figure 5b, for h = 0°. On
measuring the resistance in the longitudinal geometry,
quantum SdH oscillations in the MR (Rxx) were observed.
The observation of the oscillations was ascertained by
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Figure 4. (a) Temperature-dependent 2D resistivity for EuO–
KTO sample. (b) Hall resistance measured at 1.8 K for EuO–KTO
showing anomalous Hall effect due to the presence of EuO.

Figure 5. (a) SdH oscillations observed in EuO–KTO sample at
1.8 K. It can be seen that the oscillations correspond to two
different frequencies, hence two different Fermi surfaces. (b) Angle-dependent SdH oscillations for applied magnetic field moving
from out-of-plane to in the current carrying plane. Inset shows the
schematic of the connection geometry for magnetoresistance
measurements for EuO–KTO with applied magnetic field moving
from out-of-plane to in the current carrying plane.

subtracting a fifth-order polynomial fitting to Rxx over a
range of the magnetic field from 0 to 14 T. Figure 5a shows
the DRxx (= Rxxexp – Rxxfit ) as a function of applied
magnetic field (B) at 1.8 K. It can be seen that the observed
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oscillations correspond to two different frequencies marked
by yellow and pink regions. The fast Fourier transform
(FFT) of DRxx vs. 1/B indicated the two frequencies in these
oscillations to be 85 and 55 T. These two type of
oscillations are demarcated as low (B \ 10 T) and high
field (B [ 10 T) regions and are marked in figure 5a. The
presence of two type of oscillations indicated the presence
of two Fermi surfaces. As discussed above, the origin of
these two oscillations can simply be Rashba spin-split bands
[69–72]. To confirm the dimensionality of the Fermi
surfaces, angle-dependent MR measurements were
performed at 1.8 K by varying the angle between B and
the sample surface, as shown in schematic of figure 5b. The
DRxx–B curves for h = 0° and 30° are shown in figure 5b.
Figure 5b suggests that the low field oscillations disappear
on varying h, indicating 2D nature of the Fermi surface
corresponding to these oscillations [70,71,73]. However, the
high field oscillations persist at higher angles suggesting the
3D nature of the Fermi surface. Some other previous works
have also reported similar coexistence of 2D and 3D
characters of the two different Fermi surfaces for KTO [73].
After observation of signature of two Rashba-bands in the
system, the possibility of detection of Berry’s phase was
checked for EuO–KTO system as reported in [40]. For this,
the Landau-level fan diagram, a plot of Landau indices
(n) vs. 1/B was plotted. A non-trivial Berry’s phase was
obtained for both the Fermi bands. Not only a Berry’s phase
was detected for both the bands, but also was found to
remain robust within the variation of around 15% of FFT
frequency for both bands. Calculation of Berry’s phase by
analysing SdH oscillations is a delicate mechanism and is
always subject to be affected by the background. So, in this
case, for accurate detection of the geometric phase, it was
ensured that the background subtraction of MR had no
effect on the fan diagram as well as on the calculated
Berry’s phase. The robustness of Berry’s phase was also
checked against the possible internal magnetic field (estimated to be *1.5 T), arising from the magnetization of
EuO [40].

3.

Conclusion

In conclusion, we have discussed a recently evolving class
of quantum materials for understanding and realizing future
generation technologies. We have discussed about transition
metal oxide heterostructures, LVO–KTO and EuO–KTO,
which manifest tremendous potential because of their exotic
functionalities and possible device applications. It is shown
that a high-mobility 2DEG is realized at the interface of two
insulator oxides LVO and KTO. This heterostructure has
the highest spin-orbit coupling strength than the other
oxide-based systems. The magneto-transport measurements
show signature of in-plane anisotropic transverse and longitudinal MR as a consequence of strong spin-orbit coupling
and Rashba spin splitting. The observed nature of the PHE
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and AMR at low magnetic fields show very similar
behaviour as observed in topological materials having
Weyl-fermions due to ABJ chiral anomaly. The EuO–KTO
heterostructure is shown to exhibit quantum SdH oscillations corresponding to two Fermi surfaces. For both the
Fermi bands, a non-trivial Berry’s phase is detected by
analysing the SdH oscillations. This suggests that both the
Fermi surfaces are enclosing Dirac point in reciprocal
space. The detection of Berry’s phase along with the strong
spin-orbit coupling of the system indicates the presence of a
significant Rashba spin-split bands in EuO–KTO system.
Also, this type of non-trivial Berry’s phase is generally
observed for Dirac/Weyl Fermions in topological materials.
Its detection in simple systems as oxides trigger a new set of
possibilities of research involving this class of materials.
The observations discussed in this article suggest that
although further detailed studies are required to understand
these systems better, but such simple oxide systems with
strong spin-orbit coupling and relativistic conduction electrons could be a hunting ground for not only spin-based
quantum technologies but also for emergent physics.
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