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A two-dimensional electron gas at the interfaces of perovskite oxides has unfolded various emergent phe-
nomena. In this work, we fabricate the conducting interface between LaVO; (LVO) and SrTiO; (STO) with
two different orientations, (001) and (111), employing a pulsed laser deposition system. A signature of weak
antilocalization is observed in the (111)-oriented LVO/STO heterostructure which was not present in the (001)
heterostructure. We report the observation of a planar Hall effect (PHE) and anisotropic magnetoresistance
(AMR) for both heterointerfaces. The AMR and PHE are measured by driving a current / in the plane of
the interface and applying an external magnetic field B in the same plane. The angular dependence (angle ¢
between B and /) of AMR and PHE in both cases is observed to be sensitive to applied magnetic field and
temperature. The (001)-oriented heterointerface shows larger AMR (~60%) than (111) (<10%), which is the
highest among previously reported oxide heterostructures. The PHE shows twofold symmetry as a function of ¢
for both interfaces, and the symmetry remains for all the magnetic field values. In contrast, the AMRs for (001)
and (111) have different symmetries. At the same time, they have strong dependence on B. A detailed analysis
of our results and density functional theory calculations suggests that the origin of these oscillations (AMR and
PHE) observed in (001)- and (111)-oriented LVO/STO interfaces can be linked to their unique Fermi surface

reconstruction due to its orbital occupancy and polarization/hybridization.
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I. INTRODUCTION

Low-dimensional electronic systems at the interface of
perovskite oxides have shown their potential for spintronic
applications such as the spin Hall effect, spin field effect
transistors with gate tunable Rashba field, etc. [1-4]. A variety
of novel electronic behaviors has also been observed at these
interfaces. These interfaces exhibit emergent properties such
as two-dimensional electron gases, spin-orbit coupling, orbital
properties, magnetism, superconductivity, the coexistence of
magnetism with superconductivity, Rashba spin splitting, and
so on [5—-15]. Two of the interesting phenomena recently ob-
served at these interfaces are anisotropic magnetoresistance
(AMR) and the planar Hall effect (PHE). Usually, such ef-
fects were observed either in ferromagnetic materials or in
topological materials such as topological insulators, Weyl
fermions, etc., and are known to arise from different origins
[16-30]. In ferromagnetic materials, these effects arise due to
the interaction between magnetization and charge transport,
whereas in the case of topological materials, their origin is
linked to the chiral anomaly present in these systems. The
AMR and PHE were also observed at the LaAlO3/SrTiO3
(LAO/STO) interface and were correlated with the influence
of the confinement potential on orbital occupancy as well
as spin-orbit interaction [31-38]. Interplay between carrier
confinement and possible localized magnetization is proposed
that depends on the strength of the applied magnetic field
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and temperature. These effects (AMR and PHE) were also
found to be tuned with gate voltage and carrier concentration
[31,32]. It was also demonstrated that the shape of the Fermi
surface and carrier effective mass play a crucial role in such
observed phenomena [37,39].

The interface of LAO and STO with different orientations
[(001), (110), and (111)] had already been reported to show
such effects, i.e., PHE and AMR. It is evident that at the
LAO/STO interface, the coupling between itinerant electronic
bands at the interface and the interface orientation play a
crucial role in observed PHE and AMR [31-34,39]. Recently,
a new conducting polar-polar interface of LaVO; (LVO) and
KTaO3 (KTO) was also reported to exhibit PHE and AMR,
which was explained as being a consequence of strong spin-
orbit coupling and Rashba spin splitting. The observed data
were explained with a phenomenological model with Rashba
spin splitting [14].

In the case of LAO/STO systems conductivity originating
from the oxygen vacancy is a major issue. There are two prime
reasons for the oxygen vacancy in LAO/STO systems. The
growth condition of the LAO thin film is rather reducing (typi-
cally, 750 °C). Further, Al has an affinity for oxygen that leads
to the creation of the oxygen vacancy in STO. On the other
hand, the advantages of LVO/STO are that this heterostruc-
ture is prepared in much less reduced growth conditions
(600 °C) [6,40]. In addition, V has less affinity for oxygen
than Al. We have performed x-ray photoemission spec-
troscopy that suggests the absence of a detectable oxygen
vacancy in the system [6,41]. But this interface of LVO/STO is
less explored than LAO/STO and should be investigated more
to discover such underlying interesting phenomena.
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In this paper, we demonstrate the observation of AMR and
PHE at the conducting interface of a Mott insulator (LVO) and
a band insulator (STO) with orientations (001) and (111). The
(111) interface of LVO/STO shows a signature of spin-orbit
coupling. Fourfold and sixfold oscillations in AMR were ob-
served in (001) and (111) LVO/STO interfaces, respectively,
whereas PHE for both interfaces remains twofold in nature.
In addition, a strong effect of magnetic field and temperature
on the AMR and PHE was also observed. Theoretical cal-
culations along with our experimental data suggest that the
orbital occupancy and polarization or hybridization as well as
the structural change in the Fermi surface in (001) and (111)
LVO/STO interfaces lead to the emergence of the oscillations
in longitudinal (AMR) and transverse (PHE) resistances for
both interfaces.

II. EXPERIMENTAL DETAILS

For this study, the eight monolayers of LVO films were
grown on (001)- and (111)-oriented single-terminated STO
substrates, using a pulsed laser deposition system. High-
temperature annealing followed by deionized-water etching
was used to realize single-terminated surfaces of the sub-
strates [42]. The details of the fabrication of these het-
erostructures are discussed in our previous work [6]. The
growth quality and film thickness were monitored by an
in situ reflection high-energy electron diffraction technique.
The growth-related details are given in the Supplemental
Material (Fig. S1) [43]. All the electrical as well as magneto-
transport characterizations were carried out using a physical
property measurement system (PPMS; Dynacool, Quantum
Design, 14 T). The angular dependence of the magnetotrans-
port measurements was performed at different magnetic field
and temperature values using a horizontal rotator assisted by
the PPMS, enabling us to perform angle-dependent measure-
ments. The electrical contacts were made with the help of an
ultrasonic wire bonder.

III. RESULTS AND DISCUSSION

A schematic representation of the LVO/STO heterostruc-
ture is shown in Fig. 1(a), displaying the alternating planes in
LVO and STO with (001) orientation. The alternating planes
in (001)-oriented STO are [TiO,]° and [SrO]°, and for LVO,
the planes are [LaO]*! and [VO,]~!. In Fig. 1(b), the per-
pendicular (left, B is applied normal to the current plane)
and planar (right, B is applied in the current plane) geome-
tries of the measurements are depicted for (001)-oriented
LVO/STO heterostructure. A monotonic decrease in sheet
resistance was observed down to low temperature, suggest-
ing the conducting nature of the (001)-oriented LVO/STO
interface. Recently, we used photoluminescence spectroscopy
and time-correlated photon counting combined with electrical
measurements to reveal the distribution of the carriers in the
LVO/STO interface. That suggests the quasi-two-dimensional
nature of the conducting electrons at LVO/STO interfaces,
similar to what was reported for LAO/STO heterointerfaces
[44-48]; the details are beyond the scope of the present paper.
The carrier density and mobility of this heterostructure were
extracted from conventional Hall measurements and were
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FIG. 1. (a) Schematic of the LVO/STO heterostructure with al-
ternating planes in LVO and STO (001). (b) Schematic of the atomic
configuration of (001) STO in perpendicular (left) and planar (right)
geometries. (¢) Temperature dependence of sheet resistivity in the
(001) LVO/STO case. (d) R,, and (e) R,, measured in the perpendic-
ular geometry as a function of magnetic field at 1.8 K. The inset in
(e) shows the R,, data in the low magnetic field range. (f) The PHE
and (g) AMR measured in the planar geometry at 14 T and 1.8 K as
a function of angle ¢, respectively.

3.1x10'"% ecm~2 and 220 cm?> V~'s7! at 1.8 K, respectively.
Figures 1(d) and 1(e) show the transverse (R,,) and longitu-
dinal (R,,) resistances when measured in the perpendicular
geometry at 1.8 K, respectively. The linear nature of the Hall
resistance with magnetic field confirms the presence of one
type of charge carrier in the system, as can be seen in Fig. 1(d).
The R, measurement shows the positive magnetoresistance
(MR) at 1.8 K. The inset shows the MR for low magnetic field
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values. No signature of weak antilocalization (WAL) is seen
for this interface. On performing these measurements in the
planar geometry, oscillations in transverse and longitudinal
resistances are observed under application of magnetic field
(data are shown at 14 T and a temperature of 1.8 K). These ob-
served oscillations in transverse and longitudinal resistances
are known as the planar Hall effect and anisotropic magne-
toresistance, respectively. Figures 1(f) and 1(g) show the PHE
and AMR measurements as a function of angle ¢ between the
magnetic field and current direction, respectively.

Similar measurements were performed for the (111)-
oriented interface of LVO/STO. Figure 2(a) shows the
schematic of the LVO/STO heterostructure displaying alter-
nating planes in LVO and STO with (111) orientation. The
alternating charged planes in (111)-oriented STO are Ti*"
and (SrO3)*~; for LVO, the planes are (LaO3)’~ and V3+.
Figure 2(b) schematically represents the perpendicular (left)
and planar (right) geometries of the measurements for the
(111)-oriented LVO/STO heterostructure. This interface of
(111)-oriented LVO/STO also shows a conducting nature [45]
with a slight upturn in resistance at low temperature, similar
to what was shown by Refs. [39,49]. The carrier density
and mobility of this heterostructure were 7.5x 10" cm~2 and
152 em? V-!'s7! at 1.8 K, respectively. The difference in
the charge carrier density at the (001) and (111) interface
is not entirely new; similar behavior was already reported
for LAO/STO interfaces [45,50]. The prerequisite to obtain
a two-dimensional electron gas (2DEG) in (001) STO is
a TiO,-terminated surface of (001) STO through a charge
reconstruction process. The proposed charge reconstruction
model dopes 1/2 electron per unit cell (3.2x10'* cm™2 carrier
density) [51,52]. Our (001) interface shows a very similar
carrier density. However, observation of the 2DEG at the (111)
LVO/STO interface gives us the freedom to suppress such
restrictions to realize a 2DEG and could be a reason for the
observed differences in carrier densities. Figures 2(d) and 2(e)
show R,, and R,, measured in the perpendicular geometry at
1.8 K, respectively. The linear nature of the Hall resistance
with magnetic field confirms the presence of one type of
charge carrier, as can be seen in Fig. 2(d). Similar to the (001)
interface, the R, measurement shows a positive MR at 1.8 K,
but the signature of WAL was seen for this interface. The inset
shows the MR for low magnetic field values. The oscillations
in transverse and longitudinal resistances as a function of the
angle between current and applied magnetic field are observed
under the application of magnetic field (data at 14 T and 1.8 K
are shown) when measurements were performed in the planar
geometry. Figures 2(f) and 2(g) show the PHE and AMR
measurements as a function of angle ¢, respectively.

Regarding data reproducibility and sample stability, we
prepared another two sets of both (001)- and (111)-oriented
LVO/STO heterostructures under the same growth parameters.
The measurements were performed in the perpendicular and
planar geometries on these samples. We could see similar
effects in these samples, which confirmed our data stability
and reproducibility.

Further, we extended our study of AMR and PHE in
both (001)- and (111)-oriented LVO/STO heterointerfaces,
and magnetic field dependent measurements were carried out.
Figures 3(a) and 3(b) show the AMR measured at 1.8 K as a
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FIG. 2. (a) Schematic of the LVO/STO heterostructure with al-
ternating planes in LVO and STO (111). (b) Schematic of the atomic
configuration of (111) STO in perpendicular (left) and planar (right)
geometries. (¢) Temperature dependence of sheet resistivity in the
(111) LVO/STO case. (d) Ry, and (e) R, measured in the perpendic-
ular geometry as a function of magnetic field at 1.8 K. The inset in
(e) shows the R,, data in the low magnetic field range. (f) The PHE
and (g) AMR measured in the planar geometry at 14 T and 1.8 K as
a function of angle ¢, respectively.
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function of scan angle ¢ for both heterostructures. The applied
various magnetic fields are given in the figures. To remove
any artifacts, we symmetrized our data using [AMR (B, ¢) +
AMR (—B, ¢)]/2 —AMR (B, ¢). A fourfold oscillation was
seen in the (001) LVO/STO heterostructure, whereas sixfold
oscillations were observed for (111)-oriented LVO/STO. For
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FIG. 3. Magnetic field dependent measurements. (a) and (b) AMR measurements measured at 1.8 K for the (001) and (111) LVO/STO
heterointerfaces, respectively. (c) and (d) |]AMR| (%) as a function of magnetic field at 1.8 K in both cases. (e) and (f) PHE measured at 1.8 K
for different magnetic fields for the (001) and (111) LVO/STO heterostructures, respectively.

these measurements, the magnetic field is varied from 0 to
14 T. A clear decrease in the amplitude of oscillations on
decreasing the magnetic field was observed in both AMR and
PHE. The peaks in AMR appear at 70° and 115° (245° and
300°) with a small dip at 90° (270°). It is seen that in the case
of (001)-oriented LVO/STO, the fourfold feature appearing
in AMR persists even at low magnetic field (1 T). For the
(111) case, the sixfold oscillation appears. On decreasing the
magnetic field, these sixfold oscillations gradually transform
into twofold oscillations with resistance maxima appearing at
0° and 180° with a periodicity of 180° and then completely
vanish below a magnetic field of 5 T. The observed anisotropy
in AMR for both interfaces, (001) and (111) LVO/STO, might
be correlated with the orbital occupancy and Ti-site symme-
tries, as also discussed by Ma et al. for the LAO/STO (110)
interface [39].

We calculated the percentage change in AMR at 1.8 K,
which is defined as |AMR| (%) = |[R(¢) — R(0)/R(0)]| x
100, for both heterointerfaces. Figures 3(c) and 3(d) show
the plots for |AMR| (%) as a function of applied magnetic
field for both cases. Higher change in resistance (~60%) is
observed in the case of (001)-oriented LVO/STO than in the
(111) case (~8%). The (001)-oriented LVO/STO heteroint-
erface shows higher AMR than other oxide heterostructures
such as LVO/KTO and LAO/STO with different orientations
[14,32,35]. Figures 3(e) and 3(f) display the observed PHE
with resistance minima at 45° and 225° at different magnetic
field values for the (001)- and (111)-oriented LVO/STO in-
terfaces, respectively. This shows that the amplitude of the
PHE oscillations decreases with decreasing magnetic field.
The sign change in the Hall signal with the angle ¢ variation
between the current and magnetic field is the signature of
PHE. The observed PHE in both cases remains twofold in
nature, and no transformation in PHE oscillations was ob-
served with decreasing magnetic field. It is also observed that

PHE amplitude changes faster in (111) LVO/STO compared to
(001) LVO/STO. Further experimental and theoretical study is
required to understand this. Our experimental results suggest
that four- and six- or twofold oscillation in AMR can be
seen in such oxide systems, whereas the PHE shows only
twofold oscillation. It was also observed that similar to AMR,
the PHE oscillations persist at a low magnetic field of 1 T
in the case of (001), whereas they vanish below 5 T in the
(111) LVO/STO case. But unlike the higher AMR observed
for (001) LVO/STO, the (111)-oriented LVO/STO shows a
higher PHE amplitude change, as can be seen in Figs. 3(e)
and 3(f).

Now, the question arises of what the possible origin of such
effects observed in these heterointerfaces of LVO/STO could
be. In (001) LAO/STO heterostructures, the origin of AMR
is linked to the anisotropy in magnetic scattering arising from
electron interaction with localized magnetic moments coupled
to crystal symmetry [31]. In the case of our (001) and (111)
LVO/STO systems, no evidence of magnetic ordering is seen
in the transport measurements (such as the anomalous Hall
effect), which rules out the possibility of magnetism-driven
AMR observed in LVO/STO heterointerfaces. This points to
the fact that the AMR and PHE observed in our systems might
be related to their Fermi surface reconstruction due to orbital
polarization/hybridization.

In both (001) and (111) LVO/STO heterointerfaces, an
asymmetric component at high magnetic fields is observed in
AMR [Figs. 3(a) and 3(b)], supporting the fact that the AMR
could be related to orbital occupancies and crystal symmetries
similar to those seen in the LAO/STO system and discussed by
Rushforth et al. [39,53]. In addition, large AMR in the (001)
interface is seen compared to that in the (111) interface of
LVO/STO, as can be seen in Figs. 3(c) and 3(d). We observed
behavior of AMR for the (001)- and (111)-oriented interfaces
of LVO/STO similar to that observed for the LAO/STO (110)
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FIG. 4. Temperature-dependent (a) and (b) AMR measurements and (c) and (d) PHE measurements as a function of angle ¢ between
current and magnetic field for (001)- and (111)-oriented LVO/STO heterostructures at 1.8 K, respectively.

interface, where the AMR is dominated by the crystalline
term. In the case of the LAO/STO (110) interface, enlarge-
ment/suppression of the orbital shape along some specific
directions indicated the orbital polarization and hybridization
giving rise to giant crystalline AMR [39]. This was in contrast
to (001) LAO/STO, where, usually, the noncrystalline term
gives the dominant contribution to AMR [31,34]. In (001)
LVO/STO, splitting in AMR peaks is observed at high mag-
netic fields, suggesting the contribution from polarized d,. /d,,
orbitals [34,39]. Interestingly, this splitting is also observed in
AMR when measured at low magnetic fields. Earlier studies
showed that in the presence of small magnetic fields, only
unpolarized d,, orbitals within the inner side of the Brillouin
zone contribute to AMR and normal AMR is seen. When
the magnetic field strength is increased, the contribution from
polarized d,./d,, orbitals starts playing a role since at high
magnetic fields, detection of Brillouin zone edges and elec-
tronic states becomes possible. This causes additional peaks
in AMR at high fields, and this effect might be attributed
to the multibands inducing different orbits at Fermi surfaces
[39,54,55]. Our results for (001) LVO/STO for low magnetic
fields indicate that the electrons near the Brillouin zone edges
contribute to AMR, which gives rise to the splitting in AMR
even at low magnetic field values.

In addition to the magnetic field dependent measurements,
we have also investigated the effect of temperature on AMR
and PHE measurements. Figure 4 shows the AMR [Figs. 4(a)
and 4(b)] and PHE [Figs. 4(c) and 4(d)] measurements per-
formed for both (001) and (111) LVO/STO heterostructures at
14 T with varying temperature. The amplitude of oscillations
in AMR and PHE for both heterointerfaces decreases on in-
creasing the temperature. The oscillations in AMR [Fig. 4(a)]

and PHE [Fig. 4(c)] in the case of the (001)-oriented inter-
face persist up to 150 K, and above this temperature, the
oscillations disappear, which might be due to the emergence
of thermal fluctuations at high temperature. However, the
oscillations in AMR [Fig. 4(b)] and PHE [Fig. 4(d)] for
(111)-oriented LVO/STO vanish at much lower temperature
(~20 K) compared to the (001) LVO/STO heterointerface
(~150 K). This observation suggests a strong effect of ther-
mal fluctuations on AMR and PHE at the (111) interface of
LVO/STO compared to the (001) interface. A similar obser-
vation was reported for LAO/STO heterostructures, where the
oscillations in the longitudinal (AMR) and transverse (PHE)
resistances disappear above 20 K due to thermal fluctuations
emerging at high temperatures [31,32].

We plot the amplitudes of PHE (left axis) and AMR (right
axis) in Figs. 5(a) and 5(b) as a function of applied mag-
netic field for (001)- and (111)-oriented interfaces of the
LVO/STO system to check their dependence on magnetic
field. In the case of (001) LVO/STO, it is seen that the PHE
amplitude follows B> dependence, whereas the AMR am-
plitude deviates from it. On the other hand, the amplitude
of PHE as well as AMR in the (111) interface follows B>
dependence. Earlier reports suggested that the B> dependence
of PHE and AMR might originate from either orbital mag-
netoresistance or a chiral anomaly, as seen in topological
materials [23,26-30,56]. The origin of such magnetic field
dependence is not clear in the present case. It is worth not-
ing that our present experimental observations, especially the
absence of negative longitudinal magnetoresistance, as well
as theoretical simulations suggest that such magnetic field
dependence of LVO/STO does not originate from the chiral
anomaly observed in Dirac/Weyl semimetals; rather, it is most
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FIG. 5. (a) and (b) Left axis: PHE amplitudes; right axis: AMR
amplitudes as a function of magnetic field for the (001) and (111)
heterointerfaces of LVO/STO at 1.8 K, respectively.

likely generated by the orbital magnetoresistance and might
be linked to the reconstruction of their unique Fermi surfaces
[56]. To unambiguously identify the origin of magnetic field

dependence further systematic theoretical as well as experi-
mental studies should be performed in detail [28,57].

To check the nature (crystalline/noncrystalline) of the
AMR further in our case of (001) and (111) LVO/STO, we em-
ployed symmetry considerations for 2D square and hexagonal
crystals, as discussed by Rout et al. for the LAO/STO system
[32]. In the case of (001) LVO/STO, we considered ¢ (0) as
the angle between the applied magnetic field (current) and the
[001] crystal axis. However, ¢ (0) is the angle between the
applied magnetic field (current) and the [110] crystal axis for
the (111) case. For 2D square and hexagonal crystals (when
6 = 0), the AMR and PHE can be expressed as

AMR g /pex = C2c082¢) + Cycos4¢p + Cscos6¢), €))
PHE,, = S,8in2¢ + Sesin6¢, 2)
PHEhex = CzSiIlqu — C4sin4¢. (3)

The contributing terms to the AMR are C; and S, Cy4
and Cg, and Sg, corresponding to two-, four-, and sixfold
AMRs, respectively. We have fitted our AMR data with the
above equations to determine the role of fourfold and sixfold
symmetries in (001) and (111) interfaces, respectively. The
fitting analysis of AMR (left and middle panels) and PHE
(right panels) for both interfaces is presented in Fig. 6. The
AMR data observed for (001) and (111) LVO/STO interfaces
are fitted using Eq. (1). It is seen [Fig. 6(a)] that the AMR data
(at 14 T and 1.8 K) for (001) LVO/STO fit well with the four-
fold component. However, the AMR data for (111) LVO/STO
[Fig. 6(b); at 14 T and 1.8 K] have a sixfold component. The
cyan line represents the fit curve. We have performed a similar
analysis for the AMR data observed at low magnetic fields.
The AMR data in the case of (111) fit well with only the
twofold component, i.e., C;cos2¢ [the data at 5 T are shown
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FIG. 6. (a) and (b) The AMR at 14 T and 1.8 K as a function of ¢ for the (001) and (111) LVO/STO interfaces, respectively. The cyan
lines in (a) and (b) represent the fourfold and sixfold components, respectively. (c) The AMR data for (001) at low magnetic field (5 T and
1.8 K) also fit with the fourfold component. (d) In (111) LVO/STO, the AMR data at low magnetic field (5 T and 1.8 K) fit with the twofold
component. The PHE at 1.8 K obtained at 14 and 5 T for (g) the (001) and (h) (111) LVO/STO heterointerfaces, which fit well with Egs. (2)

and (3).
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FIG. 7. The total DOS and DOS projected onto 3d orbitals of Ti atoms as well as the contribution from layers as we move away from the
interface, calculated by DFT for LVO/STO heterostructures in (a) the (001) and (c) (111) orientations with the layers numbered from 1 to 4
as we move away from the interface. Calculated Fermi surface plots of the LVO/STO (b) (001) and (d) (111) heterostructures in the (001) and

(111) planes, respectively, with colors representing the different bands.

in the Fig. 6(d)]. However, the AMR data observed at low
magnetic fields [5 T data are shown in Fig. 6(c)] in (001)
LVO/STO fit with the fourfold component. A detail analysis
of AMR data for both heterostructures is discussed in the
Supplemental Material (Figs. S2 and S3). Figures 6(e) and
6(f) show that similar to AMR, the PHE observed for both
interfaces also fits well with the Eqs. (2) and (3), displaying
good agreement with the calculated AMR and PHE for 2D
square and hexagonal crystals. Our fitting analysis suggests
that the data for both (001) and (111) LVO/STO interfaces
show four and sixfold behaviors, respectively. They follow
the cos4¢ and cos6¢ law, as expected for square and 2D
hexagonal systems, thus indicating that the AMR is related
to the crystal symmetries of the systems for both interfaces.

IV. THEORETICAL CALCULATIONS

To explore the origin of observed AMR and PHE in
LVO/STO heterostructures with (001) and (111) orientations,
first-principles calculations based on density functional the-
ory (DFT) were performed as implemented within the VASP
(Vienna Ab initio Simulation Package) code. To account
for exchange-correlation effects the Perdew-Burke-Ernzerhof
functional revised for solids (PBEsol) was used within the
generalized-gradient approximation [58] with projector aug-
mented wave potentials [59,60]. A kinetic energy cutoff of
520 eV was used for the plane wave basis [61]. For relax-
ation and static calculations, the Brillouin zone was sampled

with a 6x6x1 I'-centered k-point grid. For density of states
(DOS) calculations a 10x10x 1 k-point mesh was used. To
simulate the interfaces, a stoichiometric thin film model with
a LVO thin film on an STO substrate with vacuum on top
of LVO was considered. The interface was modeled with
four layers of LVO attached to nine layers of STO with a
TiO,/LaO (Ti/La03) interface for the (001) [(111)] orienta-
tion. We employed thin-film geometry with a vacuum region
of 15 A to avoid the interaction between adjacent slabs. To
account for the electronic correlation between localized elec-
trons of 3d orbitals of Ti and V and to correct the on-site
Coulomb interaction, DFT+U calculations were performed
using Dudarev’s rotationally invariant approach (where only
U —J is meaningful) [62]. Here, U is the effective on-
site Coulomb interaction between localized 3d electrons
(Hubbard’s U), and J is the exchange parameter. Values of
U =5eV,J = 0.64 eV were used for the Ti atom, and U = 3
eV, J = 0 eV were used for the V atom.

The origin of experimental findings for the AMR and PHE
in the (001) orientation is explored by a density of states plot.
In Fig. 7(a), we show the total DOS as well as the DOS
projected onto 3d orbitals of Ti atoms to get information
about the relative d-orbital occupancy at the Fermi level as
well as in valence and conduction band regions. The total
DOS verifies the n-type metallic nature of this conducting
heterointerface of two oxide materials which are insulators in
the bulk with valence and conduction bands separated by a
gap. The DOS projected onto 3d orbitals of Ti atoms implies
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that electrons responsible for conductivity occupy d,. and d,,
orbitals which hybridize to give orbital polarization along the
z axis, and the effect is slightly reduced by d,, orbitals. We
also plot the density of states showing the contribution from
layers containing Ti atoms, viz., the first four TiO, planes
with the layers numbered from 1 to 4 as we move away from
the interface in Fig. 7(a). Also, the degeneracy between d,,
and d,, orbitals for the (001) orientation is broken, which
leads to splitting in AMR peaks, as observed experimentally.
Experimental AMR data show fourfold oscillations at high
as well as low values of magnetic field. This can be further
explained by the Fermi surface of the LVO/STO heterointer-
face calculated in the (001) plane for the (001) orientation.
We used the value of the Fermi energy equal to the chemical
potential corresponding to the carrier concentration measured
experimentally. The Fermi surface plot as shown in Fig. 7(b)
reveals fourfold symmetry due to the crystal structure in the
(001) orientation. We infer that open orbits present in this case
give rise to prominent splitting in AMR peaks as observed at
magnetic fields in experimental measurements. This is due to
the fact that at these values of magnetic field, electrons present
near the edge of the Brillouin zone can be detected where
these open orbits are present, in contrast to the detection of
electrons present only near the center of the Brillouin zone at
very low fields.

Similar calculations for the LVO/STO heterostructure with
the (111) orientation for the DOS in Fig. 7(c) show the
conduction band crossing the Fermi level and valence band
separated by a gap, thus revealing n-type conducting behav-
ior. Further, the DOS projected onto 3d orbitals of Ti atoms
shows that the contribution to electronic states at the Fermi
level comes from d. and degenerate d,, and d,, orbitals. This
gives rise to orbital polarization along the z axis, which is
the (111) direction (crystal orientation) in this instance, sim-
ilar to the case of the (001)-oriented heterostructure. But the
contribution coming from degenerate d,, and d,»_> orbitals
greatly dilutes this effect of orbital polarization along the z
axis, which is responsible for the weaker or reduced effect in
this case compared to the (001) orientation. This explains why
AMR and PHE persist at 1 T for the (001) heterostructure but
vanish below 5 T for the (111) orientation or AMR and PHE
persist up to 150 K for the (001) orientation and vanish at 20 K
for the (111)-oriented heterostructure. We plot the density of
states showing the contribution of the first four Ti planes with
the layers numbered from 1 to 4 as we move away from
the interface in Fig. 7(c), indicating that the metallic partial
DOS goes deep into the bulk of STO. Further, the Fermi
surface calculated for the LVO/STO heterostructure with the
(111) orientation in the (111) plane at a Fermi energy equal
to the chemical potential corresponding to the experimental

value of the carrier concentration [Fig. 7(d)] shows sixfold
symmetry as well as an absence of open orbits in this case and
hence justifies the absence of peak splitting. Our theoretical
simulations for both heterointerfaces suggest that the orbital
polarization/hybridization along with the orbital occupancy
leads to the reconstruction of their Fermi surfaces, resulting
in the oscillations in the longitudinal (AMR) and transverse
(PHE) resistances of the heterointerfaces with the peculiar
features.

V. CONCLUSION

In conclusion, we have realized the conducting interfaces
of (001)- and (111)-oriented LVO/STO systems. We observed
the signature of WAL only in the (111) LVO/STO inter-
face. The in-plane magnetotransport measurements showed
the oscillations in longitudinal (AMR) and transverse (PHE)
magnetoresistances for both interfaces. Fourfold oscillation
was observed in the (001) LVO/STO interface, whereas
the (111) LVO/STO showed sixfold oscillation which fur-
ther transformed into twofold oscillation with a decrease in
magnetic field. Higher AMR (~60%) is observed in (001)
LVO/STO compared to the (111) interface and is the highest
among reported oxide heterointerfaces. Also, these oscilla-
tions in AMR and PHE persist up to higher temperature in
the case of (001) LVO/STO (~150 K) than in the (111) case
(~20 K) and LAO/STO (above 20 K), suggesting a reduced
effect of thermal fluctuations in (001) LVO/STO. The fitting
analysis of AMR for both interfaces suggested the AMR is
related to the crystal symmetries of the systems. From the
DFT simulations, we have observed the orbital polarization
and hybridization in both interfaces, which is less strong for
the (111) system. Also, it is evident that the presence of open
orbits in the Fermi surface plot calculated in the reciprocal
space of (001)-oriented system explains the splitting of AMR
peaks in (001) LVO/STO. Our theoretical calculations, with
the support of our experimental results, suggest that the origin
of these oscillations in AMR and PHE can be attributed to
their unique Fermi surface reconstruction due to orbital occu-
pancy and polarization/hybridization in both (001) and (111)
heterostructures.
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