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Linear magnetoresistance and weak antilocalization in a LaVO;/KTaO; heterostructure
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In this paper, we report a detailed magnetotransport study on the conducting interface formed by juxtaposed
LaVOs; (LVO) thin film on KTaO3 (KTO) substrate. Magnetoresistance (MR) shows a crossover from quadratic
dependence to linear dependence at critical applied magnetic fields (B*) for both in-plane (B || I) and out-of-plane
(B L I) configurations. The negative magnetoresistance and parabolic dependence of the B* on temperature
suggests the presence of linear band dispersion. In addition to linear magnetoresistance (LMR) at high magnetic
fields, we have also observed weak antilocalization (WAL) cusp in magnetoresistance at low magnetic fields and
temperatures for both in-plane and out-of-plane field configurations. Maekawa-Fukuyama (MF) theory is used
to analyze the WAL data, which indicates the presence of two conduction channels. Angle dependence of WAL
analysis shows that the conducting channels are not restricted to two dimensions. Temperature-dependent study
reveals the presence of electron-electron and electron-phonon scattering mechanisms. Our analysis suggests the
presence of a quasi-two-dimensional electron gas with linear band dispersion at the interface of LaVO; and

KTaO; .
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I. INTRODUCTION

The existence of Dirac/Weyl fermions in materials with
degenerate linear band crossing near the Fermi level has
generated a great amount of interest in the field of con-
densed matter physics. Peculiar transport properties exhibited
by such materials fascinated the world not only because of
their fundamental importance but also due to their techno-
logical applications in the field of spintronics [1-5]. They
exhibit linear dispersion relation, evident by the large sepa-
ration between the lowest and first Landau level. It has been
shown that Dirac materials commonly exhibit well-known
quantum physical properties in magnetotransport, which en-
compass quantum Hall effect (QHE), chiral anomaly induced
negative magnetoresistance, nontrivial Berry phase, weak an-
tilocalization (WAL), linear magnetoresistance, and many
others [6—10]. The phenomenon of linear magnetoresistance
(LMR) defies the conventional expectations of quadratic
magnetoresistance (MR) typically observed in metals and
semiconductors, presenting an intriguing and unusual behav-
ior within condensed matter systems [11,12]. The origin of
linear magnetoresistance (MR) can be attributed to either
classical mechanisms or quantum phenomena [13-15]. In the
classical model, disorder or mobility fluctuation plays a dom-
inant role in LMR [16]. In contrast, linear magnetoresistance
(MR) can also arise as a consequence of quantum effects oc-
curring when all charge carriers become degenerate within the
lowest Landau level (LL), specifically in the regime known as
the quantum limit [17]. Such a kind of linear MR can be seen
in topological materials and thus there is renewed interest to
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explore other materials such as single crystals, thin films, and
heterostructures with similar observations [18-21]. Addition-
ally, the quantum interference of the time-reversed scattering
path in a high spin-orbit coupling compound may lead to
the observation of WAL. WAL results in an enhancement
(suppression) in conductivity (resistivity) at low magnetic
fields and temperatures. The observation of WAL can be an
important manifestation of the m Berry phase in topological
materials.

Recently, topological band structure and Dirac cones have
been observed in perovskite oxide materials [22-26]. Per-
ovskite oxides, due to their novel physical properties and
functionalities in appropriate heterostructures, are a very ex-
citing class of materials [27-31]. Similar to the topological
materials, perovskite oxides have attracted increasing atten-
tion due to their interesting properties including a planar Hall
effect (PHE), and Shubnikov de Haas (SdH) oscillation at
the interface of EuO/KTO with nontrivial = Berry phase
[32] negative MR induced by chiral anomaly, linear posi-
tive magnetoresistance, and quantum oscillations in SrRuQOj3
thin films grown on SrTiO; [25], topological Hall effects in
SrFeOs; [33], and so on. The availability of growth techniques
accurate to the atomic level such as molecular beam epi-
taxy (MBE) and pulsed laser deposition (PLD) allowed us to
explore quantum phenomena arising due to the interplay of
orbital, charge, and spin degree of freedom. Recently, signa-
tures of Adler-Bell-Jackiw (ABJ) anomaly or chiral anomaly
and Weyl fermions have been observed at the interface of
LaVO;3;/KTaOs; (LVO/KTO) [34], increasing interest in fur-
ther study of this system. In this article, we have investigated
temperature and angle-dependent magnetotransport properties
of LVO/KTO heterostructure synthesized using pulsed laser
deposition.
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II. EXPERIMENTAL DETAILS

A PLD apparatus was used to grow crystalline LVO film
(seven monolayers) on the top of a TaO, terminated KTO
(001) single-crystal substrate [35]. During the deposition, the
substrate temperature was set at 600 °C and partial oxygen
pressure of 1 x 107 torr was maintained throughout the de-
position. Then, the sample was cooled at the rate of 20 °C/min
in the same oxygen partial pressure. The magnetotransport
measurements were performed in the Quantum Design phys-
ical property measurement system (PPMS). Contacts were
prepared at the interface with the help of an ultrasonic
wire bonder in four probe (longitudinal and Hall) geometry.
The current is applied parallel to the plane (001), and the angle
between the current and the magnetic field was varied with the
help of the horizontal rotator of PPMS.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the schematic to measure the Hall
resistance and magnetoresistance (MR). The longitudinal
resistivity curve exhibits a metallic behavior as shown in
Fig. 1(b) as it decreases with a decrease in temperature. The
Hall resistance variation with the magnetic field at T=2 K is
shown in the inset of Fig. 1(b). The Hall resistance is nearly
linear and the negative slope of R,, suggests the electrons as a
charge carrier at the interface of LVO/KTO. The variation of
Hall mobility with temperature has been shown in Fig. 1(c).
On fitting high magnetic field Hall resistance data with the
single band model, the two-dimensional electron carrier den-
sity is found to be of the order of 10'* cm~2 and mobility
of the order of 430 cm?/V-s at 1.8 K. The mobility changes
by a factor of three as the temperature changes from 1.8 K
to 130 K. Careful observation shows that the Hall resistance
exhibits slightly nonlinear behavior at low temperatures, indi-
cating the presence of two conduction channels contributing
to the transport properties, later confirmed by quantum os-
cillations and WAL data analysis. Detailed analysis of the
nonlinear Hall resistance at 2 K using the two-band model
[36] is shown in Sec. I of the Supplemental Material [37] (see
also Refs. [38—41] therein). Figure 2(a) shows the magnetic
field dependence of out-of-plane magnetoconductivity (MC)
at various temperatures in the temperature range of 1.8 K to
130 K. The value of MC (or MR) decreases (increases) with
an increase in temperature. The MC (or MR) shows quantum
linear behavior at high field and semiclassical quadratic de-
pendence at low field. This behavior is different from certain
semimetals where MC (or MR) exhibits the convention B?
dependence which is valid exclusively within the framework
of the Drude model and demonstrates its inadequacy under
conditions of elevated magnetic fields, particularly in prox-
imity to the formation of Landau levels [42]. The transition
from semiclassical to quantum can be seen more clearly from
the field derivative of the MC as shown in Fig. 2(b). Initially,
do /dB is proportional to B, which indicates a semiclassical
B2-dependent MC. With the increase of the magnetic field, the
field crosses a critical point B* [the critical field B* is deter-
mined from the intersection of a straight line and horizontal
line as depicted in Fig. 2(b)], and do/dB nearly becomes
a constant as a function of the applied magnetic field. This
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FIG. 1. (a) Schematic for Hall and in-plane magnetotransport
measurements. (b) Temperature-dependent in-plane resistivity. The
inset shows the variation of Hall resistance with the magnetic field
at 2 K (The red line shows the deviation of Hall resistance data

from a straight line). (c) Temperature-dependent mobility (blue) in
LaVO;/KTaOj; heterostructure.

implies that MC (or MR) follows a linear field dependence at
a high magnetic field and a quadratic field dependence at a
low field. This crossover behavior gradually vanishes at T =
90 K, and the MC becomes quadratic in the entire applied
magnetic field. Similarly, when we apply a magnetic field
parallel to the direction of the current (i.e., 8 = 0°), longitu-
dinal conductivity increases with an increase in the applied
magnetic field, which corresponds to negative magnetoresis-
tance (NMR) as shown in Fig. 2(d). A similar crossover of
magnetoresistance from B quadratic to B linear is observed
for the applied in-plane field as well. This can be examined
by observing the magnetic field derivative of conductivity,
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FIG. 2. (a), (d) Magnetoconductivity (MC) for B L I (8 =90°) and B || I (6§ = 0°), at various temperatures. (b), (¢) Variation of magnetic
field derivative of conductivity with the applied magnetic field for B L I (at T = 1.8 Kand 90 K) and B || I (at T = 1.8 K and 40 K). Insets of
both figures show the temperature dependence of critical field (B*) fitted with equation 1/ (Zehvﬁ)(EF +kgT)? (black solid line). (c) Inverse
Hall mobility vs crossover field B*, at various temperatures for B L I configuration. (f) Variation of the ratio of axial charge relaxation time
at given field to zero field (blue rhombus), i.e., 7,/7p and crossover field B* with temperature for B || I (pink open circles). The shaded region

separates the quantum dominance region from the classical region.

i.e., do/dB with respect to field B. The crossover behavior
sustains only up to T= 30 K as shown in Fig. 2(e). Linear
magnetoresistance (MR) can be attributed to two different ori-
gins: classical processes using a random resistor network and
quantum effects arising when carriers condense into the low-
est Landau level (LL) within the quantum limit regime. In the
classical model, which describes mobility-fluctuation-induced
linear magnetoresistance in an inhomogeneous conductor, the
theoretical prediction indicates that the crossover field B* is
inversely proportional to the mobility, i.e., (B* oc u~") [43].
However, in LVO/KTO, deviations from this relationship are
observed, especially in the low-temperature regime as illus-
trated in Fig. 2(c). In a quantum model, the critical field B*
is described by the expression B* = 1/ (Zehv%)(Ep + kgT)?,
which corresponds to the condition when all carriers degener-
ate into the zeroth Landau level [44]. The inset of Figs. 2(b)
and 2(e) shows the parabolic dependence of the critical field
on temperature, and the critical field is fitted well with the
expression 1/(2efivz)(Er + kT )* (the black solid curve).
This parabolic dependence of the critical field on temperature
indicates the existence of an electronic band with linear dis-
persion [45,46]. In addition to it, the linear MR with large
carrier concentration (*10?! cm~?) has been previously ex-
plained by the quantum limit model in NbTe, [47]. The high
carrier concentration calculated from Hall data suggests the
presence of a large Fermi surface in LVO/KTO. In addition,
the LVO/KTO heterostructure also exhibits a small Fermi
pocket which is supported by the quantum oscillation data.
At low temperatures and large applied magnetic field, the
spacing between the lowest Landau levels becomes larger
than both thermal fluctuations kgT and the Fermi energy
Ep. Therefore, for a small Fermi pocket, only the lowest

Landau level might be occupied, resulting in a quantum linear
MR.

Another intriguing aspect of the quantum electrical trans-
port behavior in LVO/KTO is the notable presence of SdH
oscillations. These oscillations signify the crossing of Lan-
dau levels (LL) over the Fermi level as the magnetic field
(B) increases. Figure 3 shows the oscillatory component of
ARxyx versus 1/B at various temperatures (T) after subtract-
ing an appropriate polynomial from the out-of-plane MR
data. The amplitude of the SAH oscillations decreases with
increasing T. The cross-sectional area S of the Fermi surface
(FS) was determined utilizing the Lifshitz-Onsager relation
Sr = 2meF /h. The estimated value of Sg is 3.79 x 10* A2
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FIG. 3. The variations of ARxx vs 1/B, after subtracting a fitted
smooth background at various temperatures. Inset shows the temper-
ature dependence of oscillation amplitudes for 10.8 T.
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indicating the presence of a small Fermi pocket in the
LVO/KTO heterostructure. The effective mass (i.e., m* =
0.18m,, m, is the mass of an electron) was computed by
analyzing the temperature-dependent SdH oscillation (inset
of Fig. 3) amplitude at magnetic field strength 10.8 T (cor-
responding to first oscillation peak) and subsequently fitting
the data using the formula derived from the Lifshitz-Kosevich
(L-K) theory [48], ARxx(T)/ARxx(0) = A(T)/ sinh(A(T)).
Here, A(T) = anm*kBTD/heB, with kg denoting Boltz-
mann’s constant, T representing temperature, e the electric
charge, and 7 (1.05x107** J-s) representing the reduced
Planck’s constant. In accordance with the L-K theory, the
oscillation amplitude ARyx can be expressed as ARxx =
4Rpre~*?/sinh(A). Here, Ry represents the amplitude of
the oscillation at zero magnetic field and Ap is given by
27°m*kgTp/heB. Tp corresponds to Dingle temperature
(~2.7 K), is given by h/2nkptsyy where, 154y is the to-
tal scattering time. Using the Dingle temperature, the value
of tgyy was determined to be 0.44 ps, and using pusgy =
et/m*, the extracted value of quantum mobility, psgy is
~4349 ¢cm?/Vs and carrier density is ~6 x 10" cm™2, re-
spectively. The prerequisites for attaining the quantum limit,
which necessitate the fulfillment of two key criteria are (i)
w.T > lor(uB > 1),and (ii) iw. > kgT.Here, w, signifies
the cyclotron frequency, T represents the relaxation time of
carriers, w represents the mobility of the carriers, and kgT
denotes the thermal energy corresponding to temperature T.
In the context of our specific investigation, we have verified
the satisfaction of both these conditions. The first condition,
w,T > 1, is met considering the quantum mobility ((tssz)
and carrier density obtained from SdH. Additionally, the sec-
ond condition is also fulfilled as evidenced by hw, with a
value surpassing the thermal energy kT at lower temperature
ranges. It is worth mentioning that while the manifestation of
linearity in magnetoresistance commences at approximately 7
Tesla, calculations derived from the SdH oscillations indicate
that the quantum limit ought to manifest from ~12 Tesla.
This apparent incongruity presents a compelling puzzle, the
resolution of which eludes our current understanding and
warrants deeper investigation. Furthermore, the ratio of axial
charge relaxation time at a given field to zero field, i.e., 7,/7
for various temperatures, is extracted from fitting the in-plane
negative magnetoresistance (or positive MC) data with the
semiclassical Boltzmann equation [49]. The variation of 7, /1y
and critical field B* for the B || I configuration with tempera-
ture is illustrated in Fig. 2(f). In particular, the shaded region
in Figs. 2(c) and 2(f) signifies the prevalence of quantum
phenomena up to a temperature of 30 K.

It is worth mentioning that the linear magnetoresistance
(MR) is evident in magnetic oxides also [50], where in-plane
MR shifts from quadratic to convex with increasing magnetic
field, a common pattern in magnetic oxides along the hard
axis. This shift is ascribed to reduced spin scattering in the
magnetic field. Conversely, the out-of-plane MR exhibits a
clear linear dependence on the magnetic field, resembling
the anomalous Hall effect, originating from momentum space
Berry curvature. Earlier studies on disordered magnetic con-
ductors using semiclassical Boltzmann theory with w.7 > 1
suggest that Berry curvature and associated orbital moments
can induce intrinsic linear MR, observed exclusively in the
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FIG. 4. (a), (c) Magnetic field dependent magneto-conductance
(AG) data in two directions, B L I and B || I, at various temperatures,
fitted with the Maekawa-Fukuyama (MF) equation (fitted data is
shown by black solid lines). (b), (d) Temperature dependence of
N and phase coherence length L,. Fitted data is shown by a black
dashed line and a solid line represents the eye-guided line.

out-of-plane MR when spin fluctuations are suppressed due
to strong perpendicular anisotropy. However, our LVO/KTO
sample interface, characterized by a nonmagnetic nature, does
not manifest a comparable linear MR.

Now we turn to the WAL analysis at the LVO/KTO inter-
face as shown in Fig. 4. Cusplike variation under low magnetic
field in Figs. 2(a) and 2(d) (around O T) is reminiscent of
the quantum interference (QI) phenomena, i.e., WAL which
is more pronounced in a magnetic field derivative of conduc-
tivity [shown by the encircled region in Figs. 2(b) and 2(e)].
WAL is observed with a magnetic field applied both in plane
(0°) and out of plane (90°). As temperature increases, the cusp
(indicative of WAL) is broadened and finally disappears after
8 K due to the decrease in phase coherence length L. The de-
phasing length L is the significant length scale for QI effects.
Ly is greater than “t” (thickness of the conducting channel)
[34] in the temperature range of 10 K to 1.8 K. Typically,
for such conducting interfaces the mobile charge carriers are
mostly confined within around 5 nm near the interface. There-
fore, we confine our analysis solely to this quasi-2D limit [51].
When we apply a magnetic field perpendicular to the plane,
the Maekawa-Fukuyama (MF) formula expressed as for 2D
WAL in the strong spin-orbit coupling limit gives the change
in conductance as [52,53]

e B
s~ (452
[ () ()|
——|F(=)-Fl——) |}, O
2 By By + 2By,

where F(z) = W(% + %) + In(z), v is the digamma function,
characteristic field By = 7i/(4eL}), By, = /i/(4eLy,) with Ly
phase coherence length, and L, spin-orbit scattering length.
The coefficient N gives the information regarding the number
of conduction channels indulged in transport. For a single
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conduction channel, the value of N = 1/2, different values
(N > 1/2) can be observed for more than one conduction
channel, and (N < 1/2) has been observed for coexisting
of topologically trivial and nontrivial conduction channels
[51,54-56].

Figures 4(a) and 4(c) show the WAL effect (in the low field
IB] < 0.5 T) for the applied magnetic field for both out-of-
plane and in-plane configurations, respectively. Experimental
data is fitted (as shown by the black solid line) by the MF
equation [Eq. (1)] with fitting parameters N, Ly, and L,. The
MF equation fitting yields N = 1.098 and L, = 144.8165nm
for out-of-plane and N = 1.2 and Ly = 98.2 nm for in-plane
configuration at 1.8 K. The temperature dependence of all
derived parameters for out of plane and in plane, namely
L4, Ly, and N, Rashba parameters («) are given in Tables
S1 and S2 in Sec. II of the Supplemental Material [37],
respectively. Evidently, with increasing temperature, L, expe-
riences a reduction due to escalated inelastic scattering effects.
Conversely, Ly, remains relatively unaltered with changing
temperature, hovering at an approximate value of 6.1 nm. This
is indicative of the spin-orbit field, denoted as B;,, which
maintains a value of around 4.3 T for out of plane. The
values of N are close to one, indicating the presence of two
conducting channels. However, small deviations of N from
one indicates that bulk bands are also contributing to trans-
port properties. The value of coefficient N close to one has
been observed in ZrTes and BiggsSbggs topological single
crystals, etc. [56,57]. The value of N reduces with increasing
temperature as shown in Figs. 4(b) and 4(d); a similar trend
has been observed for several topological materials [58]. For
3D topological semimetal Tay7Nbg 3Sb,, the value of N was
found of the order of 102 and similar results have been ob-
served in other 3D topological materials such that ScPdBi and
YbCdGe indicate that rather than 2D surface states, 3D bulk
channels dominate the magnetotransport [59—61]. However,
our results indicate that the WAL at the interface of LVO/KTO
is mainly due to quasi-2D conducting channels. The Nyquist
theory for electron-electron (e-e) scattering gives the order
of dependence of phase coherence length on temperature
Ly T~!/2 [62]. Deviation from this suggests that e-e and
electron-phonon (e-p) scattering mechanisms are present. The
relation between phase coherence length with temperature is
given as [63,64]

1

1 ,
— = — 41 A" +B,T", 2
TS + + B, 2

(Lgo)?

where Ly is the dephasing length at zero temperature, the
second term is related to e-e contribution, and the third term
gives the e-p interactions. The value of n’ lies in the range
2-3 as per effective dimensionality and disorder in the film
[65,66]. We have obtained the best fit for n’ ~ 2 and n~1
[using Eq. (2)] for both in-plane and out-of-plane configura-
tions, as shown by the dotted black line in Figs. 4(b) and 4(d),
which indicates the presence of an e-p scattering mechanism.
The extracted value of A,, = 2.97849 x 107°/nm’K, B,, =
4.03386 x 10~/ /nm?K?, and Ly = 157.8nm for out of
plane and A, = 1.39838 x 1073 /nm?K, B., = 2.00354 x
1076 /nm’K?, and Lgo = 119.1 nm for in-plane configuration
suggests the dominance of e-e scattering.
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FIG. 5. (a) Magnetoconductance for different angles between the
magnetic field B and the sample surface (001) at 1.8 K. (b) Magne-
toconductance vs Bsind for different angles at 1.8 K.

To further identify the dimensionality of the charge carrier
that is responsible for the WAL effect, we performed MR
measurements for different angular orientations at 1.8 K. For
the 2D transport only, the WAL should vanish when the angle
is 0°, which is when B is along the current direction. In
Fig. 5(a), the amplitude of the WAL diminishes but does not
vanish completely, indicating the 3D nature of WAL [59]. In
addition, if one takes the magnetoconductance as a function
of the perpendicular magnetic field component Bsinf, the
amplitudes should overlap for all angles in the case of a 2D
transport. Figure 5(b) shows the change in conductance (AG)
as a function of Bsiné, for 1.8 K, where it is possible to
observe that the system does not present a pure 2D behavior as
already indicated by the behavior observed in Fig. 5(a). This
indicates a quasi-2D-like nature of the mobile charge carriers.

IV. CONCLUSION

In conclusion, we have observed a transition from B? to
B linear in out of plane and in plane magnetoconductivity,
might be attributed to the presence of the Dirac fermions
inhabiting the lowest Landau level in the quantum limit. The
critical field shows a quadratic temperature dependence which
is also expected from Landau level splitting of linear energy
dispersion. We have also observed the signature of WAL at
the interface of LVO/KTO heterostructure. The analysis of
the signature of WAL data using the MF theory suggests
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that multiple channels are contributing to the transport.
Temperature-dependent study of dephasing length reveals that
electron-electron and electron-phonon scattering contribute
to phase relaxation mechanisms. At lower temperatures, the
electronic transport can be treated under the framework of
a charge carrier with linear band dispersion that follows a
quantum framework. Angle dependence of WAL suggests
a quasi-two-dimensional nature of the charge carriers. Our
study shows the realization of a quasi-two-dimensional elec-
tron at the conducting interface of LVO and KTO that has

nontrivial linear band dispersion and should be treated within
a quantum framework at low temperature and hence opens
up a new way in the field of “topological-quantum oxide
materials.”
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