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Unconventional quantum oscillations and evidence of nonparabolic electronic states

in quasi-two-dimensional electron system at complex oxide interfaces
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The simultaneous occurrence of electric-field controlled superconductivity and spin-orbit interaction makes
two-dimensional electron systems (2DES) constructed from perovskite transition metal oxides promising can-
didates for the next generation of spintronics and quantum computing. It is, however, essential to understand
the electronic bands thoroughly and verify the predicted electronic states experimentally in these 2DES to
advance technological applications. Here, we present insights into the electronic states of the 2DES at oxide
interfaces through comprehensive investigations of Shubnikov—de Haas oscillations in three different systems:
EuO/KTaO;, LaAlO;/SrTiO3, and amorphous-LaAlO3;/KTaO;. To accurately resolve these oscillations, we
conducted transport measurements in high magnetic fields up to 60 T and low temperatures down to 100 mK.
For 2D confined electrons at these interfaces, we observed a progressive increase of oscillations frequency and
cyclotron mass with the magnetic field. We interpret these universal and intriguing findings by considering the
existence of nontrivial electronic bands, for which the E — k dispersion incorporates both linear and parabolic
relations. In addition to providing experimental evidence for nonparabolic electronic states in KTaO5 and SrTiO;
2DES, the unconventional oscillations presented in this study establish a paradigm for quantum oscillations in
2DES based on perovskite transition metal oxides, where the oscillation frequencies in 1/B exhibit quadratic

2

dependence on the magnetic field.
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I. INTRODUCTION

Two-dimensional electron systems (2DES) have been
observed at the surface and interface of many perovskite tran-
sition metal oxides, so-called complex oxides. Particularly,
widely studied 2DES based on SrTiO3 (STO) and KTaO;
(KTO) exhibit various intriguing phenomena, including a
large magnetoresistance, Rashba spin-orbit interaction [1-3],
2D superconductivity [4-8], and magnetism [9], which do
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not exist in their bulk counterparts. The coexistence of these
phenomena gives these systems a multifunctional character,
with potential applications in spintronics [10,11] as well as in
the field of topological quantum computing [12,13]. However,
a comprehensive understanding of the electronic structure that
gives rise to these interesting phenomena remains elusive.
Furthermore, these systems offer a unique opportunity to ex-
plore the physics of 2D-confined d electrons, distinct from the
scenario of the 2DESs in conventional III-V semiconductor
heterostructures.

STO and KTO based 2DES exhibit several similarities
in terms of their calculated band structures. For example,
the electrons occupy crystal-field split #,, orbital of d bands
(3d for STO and 5d for KTO), and the combination of 2D
confinement and spin-orbit interactions gives rise to multiple
bands with mixed orbital characters of d,y, dx;, and d, due to
the avoided crossing between light (d,,) and heavy (d,./d,.)
subbands. Heeringen et al. [14] predicted strongly anisotropic
nonparabolic subbands for 2DES at the LaAlO3(LAO)/STO
interface. Furthermore, nontrivial topological states with lin-
ear dispersion are predicted for STO and KTO 2DES in the

Published by the American Physical Society
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vicinity of avoided crossing points in I'-M direction of the
first Brillouin zone [15-17]. While experiments based on the
Shubnikov—de Haas (SdH) effect and angle-resolved photoe-
mission spectroscopy (ARPES) have verified the existence
of several subbands of different effective masses for both
STO [18-20] and KTO 2DES [2,21,22], the signature of non-
parabolic subbands or topological states in these systems have
not yet been perceived through experiments. Interestingly, the
STO-2DES exhibits peculiar SdH oscillations that are not
periodic in inverse magnetic field [23-27]. The aperiodicity
in oscillations perceived in high magnetic fields has been
tentatively attributed to different mechanisms (e.g., Rashba
spin-orbit interaction [23,24], Zeeman splitting [25], magnetic
depopulation of magnetoelectric subbands [26], and magnetic
field-induced change in carrier density [27]) in different in-
vestigations; and its physical origin has not yet reached to a
consensus. Furthermore, despite a comparable electronic band
structure to the STO-2DES, the existence of aperiodic SdH
oscillations in KTO-2DES remains unclear from previous
studies [21,28-30].

In our quest to unravel the origin of aperiodic quantum os-
cillations and uncover peculiar electronic states in d-electrons
2D systems, we conducted a thorough experimental investi-
gation of the SdH oscillations at the interfaces of EuO/KTO,
LAQ/STO, and amorphous(a)-LAO/KTO. In order to capture
the oscillations with utmost precision, we measured electri-
cal transport in high magnetic fields, utilizing both a pulsed
field (60 T) and a dc field (35 T), and at ultralow temper-
atures (as low as 0.1 K). For clarity, we first compare the
experimental results of EuO/KTO and LAO/STO in Sec. III,
with the discussion on a-LAO/KTO presented later. How-
ever, we consolidate the key findings from all three interfaces
in Sec. IV. By examining the tilt-angle dependence of the
quantum oscillations for EuO/KTO and LAO/STO, we reveal
the presence of itinerant electrons that are confined in the
2D interface region, coexisting with the carriers that disperse
deeper into the STO and KTO. Interestingly, we observed
that all three interfaces exhibit a progressive increase in the
effective cyclotron mass, estimated from the SdH oscillations,
as well as an apparent increase of the oscillations frequency
in 1/B with increasing magnetic field. Notably, we found
that the increase in cyclotron mass follows an almost linear
trend, while the change in frequencies exhibits a quadratic
relationship with the magnetic field. We attribute this behavior
to the presence of nontrivial electronic bands determined by
spin-orbit interaction, wherein energy dispersion in k space
incorporates both linear and quadratic terms. These findings
offer valuable insights into the distinct electronic properties
and subband structure at the interfaces of complex oxides.

II. METHODS

As depicted in Figs. 1(a) and 1(b), the EuO/KTO sample
consists of a 10-nm thin film of EuO on KTO (001) substrate,
while LAO/STO is made of ~3.2 nm (8 u.c.) thin film of LAO
on STO (001) substrate. Both KTO and STO substrates are
0.5-mm thick. We used a pulsed laser deposition technique to
grow EuO and LAO thin films. For the LAO/STO sample, a
mask of amorphous AIN was deposited on STO before LAO
growth to obtain a Hall-bar patterned sample. One can find the
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FIG. 1. Schematics of EuO/KTO and LAO/STO heterostruc-
tures and their magnetotransport data. Left column: EuO/KTO
and right column: LAO/STO. (a) and (b) schematic diagrams
with electrical contacts and transport measurement scheme. (c) and
(d) Hall-resistance R,,(B) data (solid line) and linear fit (dashed line)
to it in high-field regime (>5 T) extended to zero field. (e) and (f)
Left y axis: Magnetic field dependence of longitudinal resistance,
R..(B). Right y axis: Oscillating resistance, AR,,, estimated by sub-
tracting the fit data from the measured data. The dotted horizontal
lines display the zero value of ARxx. For EuO/KTO, the R,.(B)
is antisymmetrized from the measurements in up and down field
directions for estimating carrier density, however, R,,(B) is the data
measured in up field direction.

growth details for EuO/KTO in Ref. [29] and for LAO/STO
in Ref. [27]. We carried out longitudinal and Hall resistance
measurements simultaneously on the EuO/KTO sample in
high pulsed magnetic fields (Bpax = 60 T and pulse time
~25ms) and down to the temperature of 0.5 K in the *He sys-
tem. To achieve a high signal-to-noise ratio from EuO/KTO
measurements in a pulsed field, we used an excitation current
of amplitude 30 uA and frequency up to 256 kHz. To rule
out the possibility of Joule heating from the 30 pA current,
we compare the data measured by applying lower and higher
current at a fixed frequency and temperature (Appendix 1).
We measured LAO/STO in a high continuous magnetic field
(Bmax = 35 T) and at low temperatures down to 0.1 K in a
dilution fridge by applying a quasi-dc excitation of 0.1 pA.
The a-LAO/KTO Hall-bar patterned sample was measured in
high pulsed fields up to 55 T (pulse time ~300 ms) using a dc
excitation current of 1 uA. The measurements at different tilt
angles were performed using in sifu sample rotators devised
explicitly for the dilution fridge and the *He fridge used in the
extreme environment of high magnetic fields. To probe the
interface using transport measurements, we made electrical
contacts for all samples using a wire bonder. In particular,
we measured an unpatterned EuO/KTO sample at the lowest
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temperature in both up and down field directions (for details
see Fig. 11(a) in Appendix 1), and attained the antisymmetric
Ry, using the formulas Ry, = w for a carrier den-
sity estimation. To have a precise estimation of mobility, we
measured zero-field sheet resistance of EuO/KTO using the

Van der Pauw method (Appendix 2).

III. EXPERIMENTAL RESULTS
A. Electrical properties and quantum oscillations

Figures 1(c) and 1(d) show the Hall resistance R,.(B)
for EuO/KTO and LAO/STO interfaces, respectively, mea-
sured at the lowest temperature possible for each case and
in magnetic fields (B) oriented perpendicular to the inter-
face. Except in the low field regime of 0—4 T, the R,.(B)
is linear for both interfaces. From the slope of the linear fit
to the R, (B) for B > 5 T, we estimate the carrier density
of 2.2 x 10" cm™? for EuO/KTO and 3.1 x 1083 cm™
for LAO/STO. However, despite having a lower effective
mass [29], the carriers at the EuO/KTO interface exhibit a
lower Hall mobility ~650 cm?>V~'s~! than that of LAO/STO
~2350 cm?V~!s~!. We attribute the lower carrier mobility in
EuO/KTO to the spin scattering of charge carriers [9] and
the high density of carriers. Different from LAO/STO, the
electrons in EuO/KTO are introduced via Eu substitution on
K site or oxygen vacancies [8,30], which also act as a potential
scattering center and restrict the mobility of charge carriers.

The left y axes of Figs. 1(e) and 1(f) display the mag-
netic field dependence of longitudinal resistance R,,(B) for
LAO/STO and EuO/KTO, respectively. Both interfaces ex-
hibit positive magnetoresistance (MR) under the field applied
perpendicular to the interface. The distinct dependence of MR
on the magnetic field — such as being quadratic in the low-field
regime and quasilinear in the high-field regime — suggests the
presence of different mechanisms, such as Lorentz force, in-
terface scattering [31,32] or inhomogeneity [33], responsible
for MR in these distinct field regimes (Appendix 3, Fig. 13).
For both interfaces, the quantum oscillations originating from
the quantization of closed cyclotron orbits are superimposed
on a positive MR. We show the oscillating resistance AR,
after subtracting a smooth background on the right y-axes of
each panel. For both interfaces, the non-monotonic enhance-
ment of the oscillations amplitude with increasing magnetic
field indicates the presence of more than one frequency,
as verified by multiple peaks in the fast Fourier transform
(FFT), which will be discussed in detail later. A two-order
of magnitude smaller amplitude of the quantum oscillations in
EuO/KTO than LAO/STO is consistent with a lower mobility
of carriers at the EuO/KTO interface.

B. Tilt-angle dependence of quantum oscillations

To examine the dimensionality of the electron systems at
the EuO/KTO and LAO/STO interfaces, we measured both
samples at different tilt angles ranging from 0° to 90°. The tilt
angle 6, as illustrated in Fig. 2(a), is defined as the angle be-
tween the magnetic field B and the normal to the interface. For
all field orientations, B is perpendicular to the current. First, it
is worth mentioning that both interfaces show a large negative
MR for the in-plane field orientation, 8 = 90°, as shown in

the main panels of Figs. 2(b) and 2(c). The magnitude of
the negative MR is larger for LAO/STO (see Appendix 3,
Fig. 13), even though this system does not consist of any
magnetic material, which could induce magnetic proximity
effect on the interfacial conducting sheets, as reported for
EuO/KTO [9]. The negative MR in complex oxide interfaces
with the application of an in-plane magnetic field can be
attributed to the combined effect of spin-orbit coupling and
long-range impurity scattering [34]. Additionally, the posi-
tive MR for LAO/STO in the high magnetic fields [inset of
Fig. 2(c)] can be explained by the domination of conventional
orbital MR in this regime as the higher carriers mobility in
LAQ/STO leads to the completion of more cyclotron orbits
compared to EuO/KTO.

After subtracting a smooth background from R,,(B) mea-
sured at different tilt angles, we show AR, as a function of the
total magnetic field in Figs. 2(d) and 2(e) for EuO/KTO and
LAO/STO, respectively. Both systems show a complex shift
in oscillations’ minima and maxima positions at least up to
6 = 45°. We, however, do not perceive a noticeable change in
oscillations for 8 > 65°. For both interfaces, the fixed quan-
tum oscillations pattern in the regime of 6 = 75° — 90°, as
verified by FFT analysis in the Appendix 4, provides evidence
for the coexistence of three-dimensional conduction channels.

To identify the two-dimensional (2D) nature of the electron
systems, we plot AR,, of EuO/KTO and LAO/STO as a
function of the perpendicular component of magnetic field,
Bcos(9), in Fig. 2(f) and 2(g), respectively. For EuO/KTO,
the low-field oscillations follow a cos(8) scaling for 6 < 30°,
indicating the 2D confinement of conduction electrons at the
interface. However, on comparing Figs. 2(d) and 2(e), we
find the high field oscillations (>25 T) to follow a scaling
of neither By nor Bcos(f), indicating the superposition of
oscillations originating from 2D and 3D Fermi surfaces. In
contrast, the oscillations in LAO/STO exhibit a Bcos(#) scal-
ing (depicted by vertical dashed lines) up to the high fields
(35 T), except a few minima that might be affected by the
crossover of Landau levels of multiple electronic subbands.
Overall, both samples reveal a 2D confinement of electrons at
the interface, along with a fraction of electrons dispersed deep
into KTO and STO. Moreover, the existence of quantum oscil-
lations in Hall resistance Ry, (B) and the angular dependence
of R,,(B) and R, (B) suggest that the majority of electrons are
confined in 2D (Appendix 5).

C. Magnetic field dependence of cyclotron mass

Since the temperature dependence of quantum oscillations
amplitude provides a means for determining the effective
mass, we measure both systems at different temperatures. In
particular, we measure EuO/KTO at various selected temper-
atures for two different field orientations 6 = 0° and 90° and
show the oscillations resistance in Figs. 3(a) and 3(b). It is to
be noted that to improve the signal-to-noise ratio in pulsed
magnetic fields, the measurements on EuO/KTO at differ-
ent temperatures were performed using a higher frequency
(256 kHz) of excitation. The higher frequency excitation
did not modify the frequency and amplitude of quantum
oscillations, as compared in Fig. 11(b) of Appendix 1. As
expected, the oscillations amplitude progressively decreases
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FIG. 2. Angular dependence of quantum oscillations for EuO/KTO and LAO/STO. (a) Illustration of tilt angle 0, i.e., the angle between
the normal to the interface and the magnetic field direction. Current is perpendicular to the magnetic field for all 6 values. (b) and (c) R,, (B)
at magnetic fields oriented parallel to the interface, 8 = 90°, for EuO/KTO and LAO/STO, respectively. Unlike at 8 = 0°, both systems show
negative magnetoresistance at & = 90°. Inset of (c): a zoom-in view of the R,, (B) in high magnetic fields for LAO/STO. (d) and (f) Quantum
oscillations at different 6 values for EuO/KTO plotted as a function of B and B, = Bcos(f), respectively. (f) and (g) Quantum oscillations for

various 6 values for LAO/STO. The dashed lines are guide to the eyes.

with increasing temperature for 6 = 0°. We, however, noticed
a nonmonotonic temperature dependence of the oscillations
amplitude for 8 = 90°, most likely due to imperfect subtrac-
tion of the smooth background from the raw data. Overall,
the oscillations amplitude and frequency at 8 = 0° are larger
than those at & = 90°, and therefore, we assume that the os-
cillations from the carriers confined at the interface dominate
at 6 = 0°. We determine the cyclotron mass m, by fitting
the temperature dependence of oscillations amplitude to the
temperature damping factor in the Lifshitz-Kosevich (L-K)
equation [35] given below

2m%kgm.T | heB
sinh(272kgm,T /FieB)’

R(T) =Ry ey

For 6 = 90°, we fit the maxima-to-minima difference to
minimize the error in m,. induced from the imperfect back-
ground subtraction. The m, values normalized with free

electron mass m, are displayed in Fig. 3(e). At 6 = 0°, m, =
0.56 =+ 0.04 m, in moderate fields (10-14 T) is comparable
to the effective mass for heavy subbands (0.50m,) predicted
theoretically [2,22] and confirmed with ARPES experi-
ments [2,22] and SdH oscillations measurements [21,28,30]
on KTO-2DES.

Most interestingly, above 14 T, m, for 6 = 0° increases
almost linearly, as depicted by a line, with increasing magnetic
field strength. We, however, did not observe such a progres-
sive field-dependent enhancement in m,. values at 6 = 90°.
The average m. at 6 = 90° is 0.61 £ 0.07 m,, which corre-
sponds well with the effective mass of the heavy band of bulk
KTO [22].

Next, we analyze the oscillations for LAO/STO measured
at different temperatures in the range of 0.1-3.0 K [Fig. 4(a)].
To ensure that the analysis is not primarily influenced by the
superimposition of oscillations of multiple frequencies, we
estimate m, for this system from the temperature dependence
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of FFT amplitude (Appendix 6). Very similar to EuO/KTO,
the lowest value of m. (1.6 £0.1 m,) corresponds to the
heavy subband of STO-2DES [27,36]. Interestingly, m, for

@) (b) 4
01K LaossTO LAO/STO
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FIG. 4. Cyclotron mass in the 2DES at LAO/STO interface.
(a) Magnetic field dependence of AR,, at different temperatures
ranging from 0.1 K to 3.0 K. (b) Cyclotron mass estimated from
the L-K fit to the FFT amplitude. The FFT spectra at different
temperatures and the L-K fit to the FFT amplitude are displayed in
the Appendix, Fig. 17.

LAQ/STO also increases with the magnetic field, bearing a
resemblance with the data reported by Xie et al. [37] in the
moderate field range (4—15 T).

In conclusion, both interfaces exhibit a progressive en-
hancement of the cyclotron mass for & = 0° as the magnetic

. . . 2
field intensifies. Since both the cyclotron mass m, (=§—n%)

and the frequency of the quantum oscillations F (=2f;—eAk)
are related to the k-space area enclosed by the cyclotron orbit
Ay, we next examine any eventual variation of the oscillations

periodicity with magnetic field.

D. Aperiodicity in quantum oscillations

From the semiclassical theory of Landau quantization de-
veloped by Onsager and Lifshitz [35,38], the oscillations in
magnetoresistivity are periodic in 1/B. To examine the period-
icity of oscillations in the 2DES at EuO/KTO and LAO/STO
interfaces, we plot AR, at & = 0° as a function of the inverse
magnetic field in Figs. 5(a) and 5(b), respectively. As a quality
check of the oscillations in LAO/STO in a low-field regime
(<14 T), we also measure the same sample in a supercon-
ducting magnet at a temperature of 0.3 K and display this
data in the inset as well as in the main panel of Fig. 5(b).
While for B > 6 T, the minima and maxima of the oscillations
from these measurements perfectly overlie with the high-field
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FIG. 5. Aperiodicity in quantum oscillations from 2D confined electrons at LAO/STO and EuO/KTO interfaces. Left column: AR,,
as a function of inverse magnetic field (1/B) for (a) EuO/KTO and (b) LAO/STO. The inset in (b) is the LAO/STO data measured in a
superconducting magnet in field up to 14 T at 0.3 K. Middle column: fast Fourier transform (FFT) analysis in different windows of the
AR,,(1/B) data shown in left column. Right column: Frequency of oscillations estimated from the peak position in FFT analysis as a function
of B for (e) EuO/KTO and (f) LAO/STO. In (e) and (f), symbols are the frequency estimated from the experimental data and solid lines are

the fit to Eq. (10).

measurement data, we acquired better-resolved oscillations in
low-fields (B < 6 T). As one can see, for both interfaces, the
oscillations period decreases as the magnetic field increases.
We perform the FFT analysis for both systems in a few se-
lected field ranges to evaluate the magnetic field dependence
of the oscillations frequencies. The FFT spectra of EuO/KTO
[Fig. 5(c)] reveal one or two peaks in each field window and
the dominant peak position moves to higher frequency with
decreasing average inverse field of selected windows. The
shoulder peak (on the left of dominant peak) noticed in two
field windows (8.3—-14.9 T and 27.8-59.3 T) are most likely
from the 3D oscillations as the FFT of oscillations at 8 = 90°
produces peaks at the same frequencies (see Appendix 4).
Unlike EuO/KTO, the LAO/STO interface exhibits at least
two prominent peaks for each field window and these peaks
shifts to higher frequency with increasing field. In previous
reports of high-field magnetotransport in LAO/STO [24,27],
some coauthors of this manuscript revealed non 1/B-periodic
oscillations from a single band. However, the current data
measured at ultralow temperatures (0.1 K) successfully re-
solve aperiodic oscillations originating from two different
subbands. Additionally, the fully resolved oscillations at low
temperatures discard the poor resolution of oscillations as one
of the possible origins of aperiodic oscillations considered in
the previous report [27]. In Figs. 5(e) and 5(f), we plot the
estimated frequencies as a function of the effective field B

for EuO/KTO and LAO/STO, respectively. Besr defines as

+
== % depends on the size of the field range used in

the FFT analysis. It is worth mentioning that the FFT analysis
of the data at & = 0° in the full field range gives 7-8 peaks for
both interfaces (Appendix 7, Fig. 18) because of the progres-
sive increase in oscillations frequency with field. Contrary to
the observation at & = 0°, the FFT analysis of the oscillations
at 6 = 90° reveals only two frequencies (Appendix 4, Fig 14).
In conclusion, the FFT analyses for the data at & = 0° reveal
that the 2DESs at the studied interfaces exhibit a continuous
increase in quantum oscillations frequency as the magnetic
field strength rises, in line with the previous observation on
LAO/STO interface [23-27].

To rule out the influence of 3D carriers and ensure the
robustness of the key findings in our study of EuO/KTO,
we measured a lower density (1.07 x 10'3 cm~2) and higher
mobility (~11,000 cm?>V~!s~!) KTO-2DES created at the
a-LAO/KTO. To enhance the mobility of the as-grown a-
LAO/KTO samples, we control the oxygen vacancies at
the interface using ionic-liquid gating. Details on the sam-
ple growth and the ionic-liquid gating treatment are given
in Ref. [30]. Notably, the density of electrons at the a-
LAO/KTO interface is comparable to that of LAO/STO. As
displayed in Fig. 6, the a-LAO/KTO interface demonstrates
aperiodic oscillations and mass enhancement with magnetic
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FIG. 6. Aperiodic quantum oscillations and mass enhancement
in a-LAO/KTO. (a) Magnetic field dependence of longitudinal re-
sistance Ry, (left y axis) and Hall resistance R,, (right y axis) at
T =0.35 K. The quantum oscillations are clearly visible in the
raw data of R,,(B) and R,,(B). The inset shows the R,.(B) data
measured up to the field of 55 T. No oscillations are observed above
28 T field, (b) Inverse field dependence of oscillating resistance at
different temperatures, (c) Temperature dependence of oscillations
amplitude at different extrema points fitted with the L-K formula,
and (d) Cyclotron mass enhancement with magnetic fields.

field, resembling the results observed at the EuO/KTO and
LAQO/STO interfaces. Furthermore, the mass ~0.52m, at low
fields is the same as that for EuO/KTO. However, the field
dependence of the mass differs between these systems. We
attribute this difference to the varying spin-orbit coupling.
Since the spin-orbit coupling is highly dependent on carrier
density [1,39], the one-order-of-magnitude lower carrier den-
sity in the a-LAO/KTO sample compared to the EuO/KTO
results in the observed differences in the field dependence of
mass.

IV. INTERPRETATION OF UNCONVENTIONAL FINDINGS
FROM QUANTUM OSCILLATIONS

The shared unconventional findings from the analysis of
the quantum oscillations in 2DES at all three investigated
interfaces are as follows: (1) The cyclotron mass estimated at
low field values is comparable to the effective mass for heavy

J

subbands. (2) Both the cyclotron mass and the oscillations
frequency in 1/B increase with the magnetic field. These
observations appear to be universal, regardless of sample mo-
bility and density, at least within the regime achievable in our
samples.

The quantum oscillations resolved only from the heavy
subbands can be attributed to the low carrier mobility in the
light subbands. Despite a lighter effective mass, electrons in
these subbands, mainly composed of d,, orbitals, exhibit re-
duced mobility due to their existence in the interface-adjacent
planes (TiO, planes for STO and TaO, planes for KTO),
which typically experience significant disorder (e.g., inter-
mixed ions and dislocation) induced during the growth of the
top oxide layers [8,27,40]. Of particular interest are the mass
enhancement and the large cyclotron mass observed at high
magnetic fields. In the case of EuO/KTO, the cyclotron mass
reaches approximately 1.8m,, while in LAO/STO, it reaches
around 3.0m,. These values cannot be explained solely based
on the predicted mass of electronic subbands [22,36] or
magnetic breakdown [37]. Furthermore, as explained in Ap-
pendix 8, the aperiodicity in oscillations can also not be
explained by considering an internal magnetic field induced
by magnetic moment at the interface. While the magnetic-
field-induced change in density or chemical potential can
reasonably explain the increase in oscillations frequency, the
mass enhancement contradicts this scenario if the electronic
bands follow a parabolic dispersion relation, for which 83% is
constant. Therefore, the magnetic-field-induced simultaneous
change in frequency and cyclotron mass (i.e., change in Ay
and %) implies a correction to the parabolic dispersion of
the electronic bands.

We consider a linear correction to parabolic dispersion
to interpret the B dependence of A; and % Combining
parabolic and linear dispersion terms with the Zeeman effect,
the Hamiltonian for a 2DES in a magnetic field perpendicular
to its plane will be [41-43]

2
H = H_ + UF(on'y + H)'Gx) - lg/LBBGZs )
2m 2
where I1; = hik; 4 eA;, m is the density of states (DOS) mass,
vr is the Fermi velocity, o; are the Pauli matrices, g is the
Landé g factor, and pp is the Bohr magneton.
The associated Landau levels for the Hamiltonian in Eq. (2)
will be [41]

i B\’
ws 8UB ’ 3)
2 2

EN = Fla)sN + \/(Fla)D)QN + <— -

where wg = eB/m, wp = ,/Zev%B/h, and N is the Landau
level index. Taking Ey = Er and converting Eq. (3) as a

quadratic equation for N, we get

(hws)*N* — [2hiwsEr + (hwp)’IN + Ef — +(lios — gupB)* = 0, 4)

and by solving Eq. (4) for N, we have

2,2
m-vg mEp

N = eh eh +

V) + 2 (250) + 41 — 22

B

B &)
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FIG. 7. (a) Landau plot (Landau level index versus 1/B) for
EuO/KTO and a-LAO/KTO interfaces constructed assigning min-
ima to integer and maxima to half-integer. Dashed lines are a linear
fit to low-field data extrapolated to B — oo (1/B = 0). The solid
lines display a fit to the Eq. (6). (b) Magnetic field dependence of
the inverse cyclotron mass (symbols) with fit (solid line) to Eq. (13)
for all three interfaces. The impact of carrier density and effective
mass on the field dependence of 1/m, is distinctly visible.

Considering that the first two terms in the square root of
Eq. (5) are larger than the last one owing to the heavy DOS
mass in KTO- and STO-2DES, we perform Taylor’s expan-
sion of the square root, and get an approximate expression for
the Landau level index N:

F
N%§+CXB+--~, (6)
where
m*v}
Fp=—"(1+-5+ [1+2— (7)
eh mvy mvg

and

n (1)’

C= . ®)
8m20[2; /1 + ran_Uf%‘
From Egs. (7) and (8), we get

N2
4RC ~ (1 _ ng) , ©)

where m* = m/m,.

To be noted, Eq. (6) is the well-known Onsager’s rela-
tion [38] with an additional term C x B that brings a deviation
of the oscillations periodicity from 1/B and leads to a nonlin-
ear Landau plot, i.e., a plot of Landau level index as a function
of the inverse magnetic field. Constructing the Landau plot
from the oscillations for two or more different frequencies
[e.g., EuO/KTO data for B > 30 T in Fig. 5(a) and LAO/STO
data in full-field range in Fig. 5(b)] is not feasible. We, there-
fore, display the Landau plot for EuO/KTO only for B <30T
and a-LAO/KTO for B < 13 T with reasonably good fit to
Eq. (6) in Fig. 7(a) and list fitting parameters in Table I.

In order to determine a relationship between the oscilla-
tions frequency and magnetic field, we make a first- order
derivative of N as a function of 1/B, i.e.,

aN
F=——
a(1/B)

Next, we apply this phenomenological model to the fre-
quency extracted from the FFT analysis and show the best
fit of the experimental data to Eq. (10) for EuO/KTO and
LAO/STO in the Figs. 5(e) and 5(f). Interestingly, the fitting
parameters Fy and C for EuO/KTO extracted from two dif-
ferent methods of analyzing quantum oscillations, namely the
Landau plot and the FFT, are comparable (Table I). Further, as
displayed in Table I and discussed in detail later, the density
calculated from the oscillations frequencies is smaller than the
Hall carrier density for all interfaces, in line with previous
reports [23,24,27,28,30].

Next, to examine the field dependence of the cyclotron
mass, we estimate the energy difference between two consec-
utive Landau levels, as given below

Ent1 — Ey = hoy, (1D

=F,—C x B%. (10)

eB - * ¢
e 18 the cyclotron frequency and m is the ef-

fective cyclotron mass incorporating the effect of linear and

where o} =

TABLE I. Estimated parameters from the analysis of SdH oscillations of three interfaces, EuO/KTO, a-LAO/KTO, and LAO/STO. Fy
and C are extracted from fitting the Landau plot in Fig. 7(a) and the magnetic field dependence of frequencies in Figs. 5(e) and 5(f). The ngqy
calculated using the formula nsqy = 2eX f;/h is compared with ny, extracted from the linear fit to the Hall resistance Ry, (B). Fermi velocity
vr is estimated from the fitting of m.(B) to Eq. (13) as shown in Fig. 7(b).

Landau plot FFT analysis Carrier density C. mass (LF) Fermi velocity
Interface Frequency Fy(T) Cc F(T) C nsay (cm™2) iy (cm™2) m, (m,) vr (m/s)
EuO/KTO F 76.6+12 —0.134 80.6+£3.8 —0.111 3.9 x 10" 2.2 x 10" 0.5640.04 5.4 % 10%
a—LAO/KTO F 148+0.5 —0.139 - - 7.1 x 10" 1.0 x 10 0.5240.08 1.8 x 10*
LAO/STO F - - 254404 —0.092 3.8 x 10?2 3.1 x 10" 1.59 £0.21 0.4 x 10*
F — — 5424+22 —0.143
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parabolic dispersion of Hamiltonian in Eq. (2). It is impor-
tant to note that the L-K formula in Eq. (1) is based on the
effective mass theory with a parabolic dispersion. In the case
of nonparabolic dispersion, the cyclotron mass extracted from
the L-K analysis or cyclotron resonance naturally exhibits a
dependence on energy and magnetic fields [44,45].

By substituting Ey and Ey4; in Eq. (10) and treating /icwp
as a correction to hiwg, we get an approximate expression for

*.
w?:

Fl 2
W = w5+ ——D (12)
|hws — gupB|
Using o} = £, wg = £, and wp = ,/2ev}B/h, we obtain
1 1 mvy 1
=—+ — (13)

m: m " |he— gusm| B’

This expression for the cyclotron mass for g =0 is the
same as derived directly using the cyclotron mass definition

me = g%, where A, = wk? and E = 7’22—:12 + livpk (see Ap-
pendix 9). From Eqgs. 13 and (A5), the effective cyclotron
mass predominantly depends on vy, underscoring the signif-
icant impact of linear dispersion on mass enhancement. This
assertion is reinforced by employing a pure linear model, as
demonstrated in Appendix 11. By fitting the experimental
m.(B) data for all three interfaces to Eq. (13) in Fig. 7(b) and
using the mg value estimated from Eq. (9), we calculate the
Fermi velocity vr as listed in Table I. As expected from the
heavier mass for oxides-2DES, the estimated v is one or two
order of magnitude smaller than that for Dirac fermions in
topological materials [46,47].

V. DISCUSSION AND CONCLUSION

To understand the discrepancy between densities estimated
from SdH oscillations and Hall resistance, we examine two
primary scenarios (i) existence of 3D carriers, and (ii) un-
resolved oscillations from the low-energy subbands. For the
first possibility, we calculate 3D-carriers density n3y; for both
EuO/KTO and LAO/STO interfaces using the oscillation
frequencies for in-plane field orientation. EuO/KTO inter-
face exhibits a higher n3h; (8.7 x 10" cm™%) compared to
LAO/STO (6.8 x 10'7 cm™?). Assuming that the residual car-
riers (ngan — n?d)H) are the 3D carriers, we estimate electron
gas thicknesses of ~39 um for LAO/STO and ~25 pum for
EuO/KTO (see Appendix 4 for detailed calculations). How-
ever, such a significant extension of the electron gas seems
implausible given its typical thickness of around 5-20 nm
measured from direct techniques for similar carrier densi-
ties [6,48,49]. Therefore, we infer that the disparity between
Hall and SdH densities cannot solely be attributed to 3D car-
riers. Instead, it is more likely that the absence of a significant
proportion of 2D carriers results from unresolved oscillations
from the low-energy subbands, which, as mentioned earlier,
exist in the interface-adjacent planes with significant disor-
ders [8,27,40]. To validate this, we compare Fermi pocket
sizes estimated from oscillations with those reported from the-
oretical calculations. The largest Fermi pocket areas, derived
from oscillation frequencies listed in Table I, are 0.51 nm~2
for LAO/STO and 1.2 nm~2 for EuO/KTO, which are ap-

proximately ~10-20 times smaller than the two outermost
pockets for STO [16,50] and KTO-2DEGs [51]. This sce-
nario supports the results of the two-band model fit to Hall
resistance (Appendix 10, Fig. 20) that reveals a density of low-
mobility carriers one to two orders of magnitude larger than
that of high-mobility carriers (SdH density). This postulation
is also consistent with previous conclusions drawn from layer-
resolved density of states and high-resolution transmission
electron microscopy results [27]. Furthermore, as displayed in
Fig. 21 of Appendix 11, a minor fraction (2-30%, contingent
on the vy value) of residual carriers can also be accounted
for the underestimated value of n,p using the formula nggy =
2eX f;/h in the case of combined quadratic and linear disper-
sion.

Next, we explore the potential reasons for the non-
conventional E-k dispersion, i.e., the combination of quadratic
and linear terms as described in Eq. (2), close to the Fermi
level. In the case of STO(001) and KTO(001) 2DES, this
dispersion most likely arises from Rashba spin-orbit interac-
tion and/or linear dispersion in the I"-M direction combined
with quadratic dispersions in I'-X and I'-Y directions within
the first Brillioun zone. The Rashba spin-orbit coupling in
these systems emerges from the structure asymmetry of the
effective quantum well confining the electrons and have been
extensively reported [2,51-54]. Additionally, in both systems,
the atomic spin-orbit interaction leads to partial avoidance of
crossings between the light (d,) and heavy (d,; and dy,) bands
along I'-M, resulting in an orbital dispersion reminiscent of
Dirac dispersion [15-17,55]. Given that there are four such
points in the Brilliouin zone where a Dirac-like dispersion oc-
curs, it is plausible that electrons orbiting within the electronic
states reconstructed from the combination of d,, and d../d,,
will encounter an unusual summation of linear and parabolic
dispersion. The low-field mass and the Hall density values
strongly suggest that the Fermi level in the studied systems
lies above the third subband, where a linear dispersion along
I'-M has been predicted [16,17,55].

To further validate the aperiodic oscillations from the
Hamiltonian in Eq. (2), we performed theoretical SdH sim-
ulation. As displayed in Fig. 8 and Appendix 11, the non
1/B-periodic oscillations arise naturally in a 2DEG exhibiting
a dispersion combined with linear and quadratic terms. More
precisely, while a pure quadratic dispersion with Zeeman in-
teraction does not yield non- 1/B-periodic SdH oscillations,
a linear dispersion with Zeeman does (as shown analyti-
cally in Appendix 11, Eq. (A17)). Given the characteristic
of complex oxides 2DESs, such as (1) giant Rashba cou-
pling ~150-400 meV A [51,53,54] and a linear dispersion
along I'-M direction, and (2) a large effective mass m* ~
0.5 — 1.6m, due to the d orbitals, the SdH oscillations arising
from this model will be dominated by the linear and Zeeman
terms, thus presenting nonperiodic 1/B oscillations. This is
in stark contrast to III-V semiconductors 2DEGs, which ex-
hibit effective masses of ~0.05m, and Rashba coupling of
~100 meV A [43,56,57], thus generating SdH-oscillations
periodic in 1/B. In more conventional III-V semiconductors,
for instance InAs and InSb, the electron or hole systems
experience nonparabolic bands (with higher-order corrections
in k) due to the avoided anticrossings of light and heavy
subbands [44,45,58]. Therefore, to investigate whether the
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FIG. 8. (a) Top panel: Plot of the electronic band structure and corresponding Landau Levels (LLs) for a 2DEG of quadratic dispersion,
with Zeeman interaction; middle panel: corresponding SdH oscillations; bottom panel: LL index as a function of 1/B. (b) Same as (a) for a
2DEG with both quadratic and linear dispersions, and Zeeman interaction. (c) For a linear 2DEG with Zeeman. The analytical calculations and
the used parameters are summarized in the Appendix. While the quadratic dispersion with Zeeman produces 1/B-periodic oscillations and a
linear Landau plot, the linear4-quadratic and linear dispersions with Zeeman give rise to non —1/B-periodic oscillations and nonlinear Landau

plot.

inclusion of nonquadratic k terms, such as k*, can account
for aperiodicity in oscillations, we conducted a simulation

of SdH oscillations using the Hamiltonian H = Ziff + Bk* +
% gupBo,. The findings, detailed in Appendix 11, demonstrate
that under realistic parameter values, the SAH oscillations
exhibit perfect periodicity in 1/B.

In summary, to gain a deeper understanding of the elec-
tronic band structure of the 2DES based on d orbitals,
we conducted a thorough investigation of quantum oscilla-
tions in magnetoresistance of LAO/STO, EuO/KTO, and
a-LAO/KTO interfaces in high magnetic fields. By ana-
lyzing the observed oscillations at various tilt angles, we
identified that these interfaces exhibit electron confinement
in the 2D plane at the interface, while a portion of carri-
ers extends deep into the STO and KTO. Remarkably, for
all interfaces, the oscillations originating from the 2D con-
fined electrons display an increased frequency in 1/B and
cyclotron mass with increasing magnetic field strength. To
explain these universal and peculiar findings, we have pro-
posed a model involving a combination of linear and parabolic
dispersion relations with Zeeman interaction. Theoretically
simulated SdH oscillations support the presence of both types
of dispersions, offering a reasonable explanation for the ex-
perimental observations. These results suggest the existence
of nontrivial electronic states, potentially linked to the Rashba
spin-orbit interaction and/or the linear dispersion in I'-M due
to atomic spin-orbit interaction. Our experimental findings
and versatile model hold promise for comprehending similar
observations in other materials exhibiting nontrivial electronic
states. This includes topological materials such as Dirac and
Weyl semimetals for which strong spin-orbit interactions are a
prerequisite.
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APPENDIX: EXTENDED DATA AND SIMULATION
1. High-field magnetotransport details for EuO/KTO

To examine any apparent heating of the samples caused
by the excitation current, we performed measurements apply-
ing different currents at the same temperature of 0.5 K. We
compare the raw data of R,,(B) collected at two different cur-
rents in Figs. 9(a) and 9(c) for two frequencies 256 kHz and
53 kHz, respectively. As one can see in Figs. 9(b), 9(d), and
10, the higher excitation current ~30 uA does not influence
the amplitude of the oscillations that are highly susceptible to
temperature.

In order to check the data symmetry in up and down fields
for the unpatterned EuO/KTO sample, we measured transport
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FIG. 9. Longitudinal resistance R,, measured by applying differ-
ent excitation currents. (a) 12 pA and 30 A at fir. = 256 kHz and
(c) 30 uA and 60 pA at fixc = 53 kHz. Comparison of the oscillating
resistance for different currents at (b) 256 kHz and (d) 53 KHz
frequencies. The data at 256 kHz frequency shows a strong current-
dependent magnetoresistance, however, the amplitude and period of
the oscillations remain unaffected by the current, suggesting no Joule
heating of the sample.

on this sample in both field directions at the lowest possible
temperature 7 = 0.7 K and in the field perpendicular to the
interface. The R, and Ry, [Fig. 11(a)] both show asymmetry
in the field. Despite the different magnitude of R,, and R,,,
we did not see a noticeable shift in the position or amplitude
of oscillations. We used the asymmterized data [Fig. 1(b)], as
described in the main text, to determine the carrier density
and the mobility. Furthermore, since the high frequency of
excitation improves the signal-to-noise ratio of the data mea-
sured in the pulsed magnetic field, we check its implication
on the amplitude and frequency of oscillations. As displayed
in Fig. 11(b), we do not observe any noticeable change in

(i 12 uA_256kHz EuO/KTO
—— 30 pA_53 kHz
——60 pA_53 kH

05}

dR, /dB

0 10 20 30 40 50 60
B(T)

FIG. 10. First-order derivative of R,,(B) for different excitation
currents and frequencies. The oscillations amplitude and periodicity
do not show any progressive shift with increasing current or fre-
quency, and therefore, further signify absence of Joule heating in the
sample.
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FIG. 11. (a) Longitudinal resistance R, (top) and Hall resis-
tances R,, (bottom) measured in both field directions (up and down).
(b) R, (top) and AR,, (bottom) for two different frequencies of
excitation. The resistance absolute value and the magnetoresistance
in high magnetic fields (> 30 T) is frequency dependent. The signal-
to-noise ratio improves using high frequency excitation in the high
pulsed magnetic field (pulse time ~80 ms) and the oscillations am-
plitude remains unchanged.

the oscillations pattern except that the oscillations quality
improves by increasing the frequency of excitation.

2. Sheet resistance of EuO/KTO interface measured
using the Van der Pauw method

To reduce errors in the mobility calculation of unpatterned
EuO/KTO interface, we performed zero-field resistance mea-
surements using the Van der Pauw method. We made contacts
at the four corners numbered from 1 to 4 in a counterclockwise
order as depicted in the inset of Fig. 12. The current is applied
along one edge of the sample and the voltage is measured
across the opposite edge. For example, the current /4 is from
contact 1 to 4 and the voltage V53 is the voltage difference

20

151
_ KTa0, (001)
g 10t
x

0.5}

Re
0.0
0 50 100 150 200 250 300
T (K)

FIG. 12. Temperature dependence of the longitudinal resistance
of EuO/KTO measured in two different contact configurations and
the calculated sheet resistance.
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FIG. 13. A comparison of the magnetoresistance calculated
as MR = MBI 5 100 for EuO/KTO and LAO/STO in
(a) perpendicular-field orientation & = 0° and (b) parallel-field orien-
tation 6 = 90°. We observed a positive MR for 6 = 0° and negative
MR for 6 = 90°. The positive MR is almost linear in B in high-field

regime for both interfaces.

between contacts 2 and 3. The resistance is calculated as
Ry = % and Rp ‘1/13;‘ We estimate the sheet resistance Rg
using an analytical method reported in Ref. [59] and a formula

given below:
w (Rsa+Rp Rp
R — ).
$= ln2< 2 )f (RA)

The estimated Ry is displayed in Fig. 12 along with mea-
sured R4 and Rp. The value of the Rg44.3 Q/0] gives the
mobility of ~650 cm?V~!s~!.

(A)

3. Out-of-plane and in-plane magnetoresistance

We compare the magnetoresistance of EuO/KTO and
LAO/STO in Fig. 13 for both out-of-plane (6 = 0°) and in-
plane (8 = 90°) field orientations. The positive MR for 8 = 0°
exhibit distinct in low and high magnetic fields.

4. FFT analysis of quantum oscillations at angles close
to 6 = 90° and 3D carrier density

To further verify that the position of SdH oscillations does
not move by varying the angles in the vicinity of 6 = 90°,
we performed FFT analysis of the AR,,(1/B) at a few angles.
As shown in Fig. 14, the position of the prominent peaks for
both interfaces does not move with the angle. We estimate the
density of 3D carriers using the oscillations frequencies from
FFT analysis and the formula

3/2
SdH = Sﬁ h

As expected from the Hall density [Figs. 1(c) and 1(d)],
the value of ndy; for EuO/KTO (8.7 x 10'® cm™) is higher
compared to that for LAO/STO (6.8 x 10'7 cm™3). Next,
assuming that the residual 2D carrier density (nyp = nygay —
ngh) is equal to n3Sy, we estimate the electron gas thick-
ness (1 = ;) of ~25um for EuO/KTO and ~39 um for
LAO/STO. Comparmg the electrons gas thickness of a few
nm reported in the literature for similar carrier density, we
conclude that the discrepancy between Hall and SdH density
cannot be solely explained by the fact of coexistence of 2D
and 3D carriers.

(A2)

0 100 200 300 400 500
FM

FIG. 14. Tilt-angle dependence of FFT spectra close to in-plane
magnetic field, 8 = 90° for (a) EuO/KTO and (b) LAO/STO.

5. 2D confinement of electrons

To further conclude that the majority of electrons are con-
fined in 2D at the interface, we show an angular dependence
of R, (B) and R,,(B) for LAO/STO in Fig. 15 and the quan-
tum oscillations in R,,(B) for all three studied systems in
Fig. 16. As the magnetic field orientation varies from 6 = 0°
to 90°, a progressive decrease in both R.(B) and R,,(B) is
observed, and most importantly, the Ry, (B) becomes almost
zero at O = 90° suggesting a 2D confinement of carriers. The
existence of quantum oscillations in the Hall resistance of
all three studied systems (Fig. 16) further confirms the 2D
confinement of electrons.

6. L-K fit to FFT amplitude for LAO/STO

In order to evaluate the cyclotron mass m,. from the FFT
spectra in Fig. 17(a), we fit the temperature dependence of
FFT amplitude with L-K equation given below:

ankBch/heBeﬁ-

X(T) = Xo ; (A3)
sinh(272kgm T / FieBegr)
1 —0
(a) —2¢6 |(b)
—11 =40
—16
0.8 .
—25
I 4-0.2
g o6f 35 P
2 39 g
g 43 - 404 =
~ 48 N
0.4 53
58
o {-06
72
0.2 -
— % 4-08
—87
P AR S I [P+ S T S R S
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
B(T) B(T)

FIG. 15. Field dependence of (a) R,,(B) and (b) R,,(B) for differ-
ent angles ranging from 6 = 0° to & = 90° for LAO/STO interface.
The positive MR decays and switches to negative as magnetic field
orientation moves from 8 = 0° to 90°. The Hall resistance also de-
creases progressively with changing field orientation and becomes
almost zero at § = 90°, indicating the 2D confinement of majority of
electrons.
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FIG. 16. Quantum oscillations in Hall resistance R,, obtained by
subtracting a linear fit to the R,,(B) of EuO/KTO [Fig. 1(c)], a-
LAO/KTO [Fig. 6(a)], and LAO/STO [Fig. 1(d)]. These oscillations
show a phase shift of 7z /2 with oscillations in R,, as expected from

the relation R, d;;’ x B for 2D systems.

1 1
where B%{ = Zmin _Bmx - The calculated m, values are dis-
played in Figs. 17(b) and 17(c) for frequencies F; and F,

respectively.

7. FFT analysis of quantum oscillations in full-field range

As displayed in Fig. 18, the FFT in full-field range reveals
6-8 frequencies of oscillations for EuO/KTO and LAO/STO.

8. Linearization of Landau plot

The aperiodicity in quantum oscillations could be due to
the internal magnetic field induced by magnetization, like
the case of ferromagnetic metal. To verify this scenario, we
linearize the Landau plot by plotting N as a function of
1/(B — By), where 1/By is internal magnetic field. As shown
in Fig. 19, the Landau plot can be linearlized by considering
extremely large values of By (e.g., 7.5 T for EuO/KTO and
4 T for a-LAO/KTO). For reference, the By estimated from
quantum oscillations in Fe is about 2 T [60]. Since the 2DES

@ (0)
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z 2 = 28T(1.7£02m,)
s 15 e 35T(2.8+0.3m,)
% 55T (3.0+£0.2m,)
S 10
£
©
— — 5
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= 2 o 4
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o 0 1 2 3 4
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o
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.g o 65T(29+02m,)
P 15 A 98T(3.0+02m,)
5 — LK fit
F . 10
10 2 g.
©
5 T 5
12-30T| &
0 0
0 100 200 300 400 500 0 1 2 3 4
F () T(K)

FIG. 17. Cyclotron mass calculation for LAO/STO from the
FFT spectra in different windows.

at the oxide interfaces cannot be more magnetic than Fe in any
scenario, we exclude the possibility of internal magnetic field
modifying the periodicity of oscillations in the studied system.

9. Cyclotron mass in the case of combined linear
and parabolic dispersion
Combining the linear and parabolic dispersion term, we
2
have E = ;12—,’5 + hvrpk. The area of the Fermi surface in k

space can be given as A, = k. Substituting E and A; values
in the cyclotron mass formula, we get

1 2 1 1 VF

L N S A4
me K> 0Ay/dE m+hk (A4)

As we know, w. =T = %. Converting r into reciprocal

space, we have k ~ £ Substituting k value into Eq. (A2),

mvg :

—
(Y
-~
—~

O
-

0.06 12
EuO/KTO F,=29T LAO/STO F,=19T
F,=59T F,=29T
& 0.05¢ F,=98T =10 Fm46T
= F3 135T £ .
= F,=58T
5 I — 07K ¢ S ¢
S 0.04 ceeo1sK FT1STTE S 8 —o1k 57677
8 25K Fs=207T E ----03K F¢=82T
g 0.03} —— 40K F,=225T E ST ], [ 0.6K F,=122T
€ £ — 10K F=150T
S 002t o4
LLll: FFT window: LLJ': FFT window:
0.01l 8.0-60T 2 35-31T
0.00

0 200 400 600 800 Y700 200 300 400
F(T) F(T)

FIG. 18. FFT analysis of AR,,(1/B) measured at = 0° and ata
few selected temperatures for (a) EuO/KTO and (b) LAO/STO.
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FIG. 19. Reconstructed Landau plot where Landau level in-
dex are plotted against 1/(B — By) for (a) EuO/KTO and
(b) a-LAO/KTO. By is the internal magnetic field induced by
magnetization.

we get

1 1 mil
R —r—. A5
eh B (AS)

me  m
10. Two-band model fit to the Hall resistance

From the two-band Drude model, the magnetic field de-
pendence of Ry, and the zero-field sheet resistance R,(0) are
defined as

B (nipi+nmop3) + (1 p2B)(ny + ny)

Ry (B) = —— , and
* e (i + napa)? + (i paB)?(ny + no)?
(A6)
1 1
R(0) = —<—> (AT)
e\nipu +napiy

We fit the Hall resistance data for both LAO/STO and
EuO/KTO interfaces to the Eq. (A6) in such a way that the
fitting parameters ni, ny, 1, and u, satisty Eq. (A7) where
R;(0) is experimental value of the sheet-resistance at zero-
field. The fitting parameters along with R;(0) are incorporated
in Fig. 20. As one can see, the fitting parameters justify the
simultaneous existence of low-mobility (high-density) and
high-mobility (low-density) subbands. For both interfaces, the
density of the high-mobility carriers is comparable to the SdH
density.

11. Theoretical SdH oscillations

The numerical SdH oscillations presented in the main
manuscript (Fig. 8) and in this Appendix (Fig. 22) is obtained
by using that the differential magnetoresistivity SR, (B) =
[Rix(B) — R (B = 0)]), is proportional to the differential
DOS at the Fermi level (¢r) i.e.,

8R(B) x g(&, B) — g(ep, B =0). (A8)

To simulate these oscillations, we will be following the frame-
work developed in Refs. [43,57,61]. Accordingly, we obtain
the DOS assuming the LLs (g, n € Ny) are broadened follow-
ing a Lorenztian function with corresponding broadening I,

(@) (b)

0 0
\ LAO/STO EuO/KTO
100 b a—Exp. data -20 + e Exp. data
-==-=-Two-bandmodel| @ [ N\~ °° Two-band model
L 40
-200 - r
| -60 |-
L T=01K | — r =
s -300 g ol T=05K
Q:§ 400 Q?-']OO -
I -120
-500 [-R(0) = 272.9 /0 L R,(0)=44.4 /)
F = 1950 cm2V st =140 - .= 1380 cmv-'s™
-600 [, = 587 cm?v's! 160 | #2 =615 em?Vs”
[y =3.75x10%em? N L n,=3.9x10"2cm?
=700 Fp,=265x10"%cm2 -180 | ny=22x 10" cm?
" 1 L 1 n 1 " 1 " 1 " 1
0 10 20 30 0 20 40 60
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FIG. 20. Hall resistance for (a) LAO/STO and (b) EuO/KTO
fitted with the two-bands model.

ie.,

eB eB
86, B) = o — anaw —e) —> o Xn:Lr(é? — ),

(A9)
with L (x) = %)%142/2)2 The relationship between the ¢ and
2D density of carrier (nyp) is straightforward determined by
solving

- / deg(e, B)fin(e — er),

o0
eB

o
= — deLr(e — ¢, & —¢€F), A10
2nh;f_w FE — e fn(e —ep), (ALO)
where frp(e —ep) is the Fermi-Dirac distribution. Once
we determine ¢r from nyp, we are able to plot the SdH-
oscillations using Eq. (A8)

eB
SRc(B) o< - — anLr(sF — &), (Al1)

where ¢, are the LL energies originating from our Hamilto-
nian. In Fig. 8 we plot the corresponding SdH-oscillations
for three different models described by Hamiltonian Eq. (2):
(a) pure quadratic Hamiltonian with Zeeman interaction
(m* = 1.5mgp, vp =0 and g =9.5); quadradic Hamiltonian
with linear term and Zeeman interaction (m* = 2my, v =
2 x 10* m/s and g = 15; and (c) pure linear Hamiltonian
with Zeeman interaction (1/m* — 0, vp = 2 x 10* m/s and
g =10).

a. Linear model

In this subsection we show analytically that a linear model
in the presence of Zeeman with corresponding Hamiltonian
Eq. (2) host nonperiodic SdH-oscillations with respect to 1/B
and effective mass enhancement with B. Our starting point is a
single basis Hamiltonian with spin up (1) and down ({,), i.e.,
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vp = 0.5 x 10*m/s
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FIG. 21. Theoretical calculation of SdH density for quadratic and quadratic+linear dispersion. Left and right panels are the electronic bands
along with Landau levels for two different values of the Fermi velocity v, = 0.5 x 10* m/s and 2 x 10* m/s. The middle panel compares the
density for models, quadratic (black symbols) and quadratic+linear (grey symbols), as a function of the Fermi velocity. The carrier density is

estimated using Eq. (A10)

Hamiltonian Eq. (2) with 1/m* — 0,

1= (%MBgB hvpky )
= 1 ,
—>upgB

FlUFk_
To obtain the corresponding Landau levels, we use the
minimum coupling (Peierls substitution) iik; — I1; = hk; —
gA;, with TT, = ﬁ(a +a"), I, = ﬁ(aT —a), and £ =

(A12)

e—g , yielding

h
N A = N N
UF(BNia %/‘LBgB vpd —

with A = %/LBgB and vg = hvpﬁ/ﬁg. The corresponding
LL energy levels are then straightforward calculated, and read

ef =+, /A2 +vin

for n # 0, and 83::0 = +A, with +(—) representing 1 ({).
The analytical SdH-oscillations in the resistivity are given
by [43,57,61]

(A14)

SR (B) = ZR(T)e’l”FF/(sF) cos [2wlF (ep)]  (Al5)
=1

with the F function defined by

1

n=F(en=—(e+A)e— A). (A16)
Up

Substituting vz = vr~/2h/0g with €5 = /fi/eB and A =

% upgB, we obtain

e 1 (upg/2)’
2ev’h B 2ev?h
Therefore, it is evident that the linear model in the presence
of Zeeman (g # 0) will exhibit nonperiodic oscillations with
respect to 1/B. The strength of the deviation from the 1/B-
periodic oscillations is dictated by the competition between
Zeeman and the linear term via (g/v)?. Furthermore, if we as-

F(e) =

B. (A17)

sociate an effective mass to this model via &, | — & = hw},
we obtain for A > vp/n
1v7
+ + _ * Ay B
8n+1 - &, —hwc sz, (A18)

yielding the following effective mass enhancement with re-
spect to the magnetic field:
[ 202 1

= —. Al9
o~ g B (A19)

Thus, we also show that an effective mass enhancement is
also originated by the linear term in the presence of Zeeman
interaction.

271.2
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FIG. 22. (a) Plot of the electronic band structure and correspond-
ing Landau Levels for a 2DEG with quadratic and quartic terms in
k, and with Zeeman interaction (g factor), m* = 0.5m,, g = 10 and
B = 100 meV nm*. The lower panels shows the corresponding SdH
oscillations and LL index as a function of 1/B.
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b. Higher k terms
Here we derive the SAH oscillations in the presence of
higher order terms in k. To start with, we consider
Rk , o2 1
H= S+ Bk + k)" + S 8nsBo:.
Using the minimal coupling, we obtain the Hamiltonian

(A20)

1
H = hoa'a+1/2) + 58HsBo,

2eB 2 5 N
+,3<7> (@ af +ala+1/4,  (A2D)

with corresponding energies given by

ey = ho.(n+ 1/2) + hiog(n* +n+ 1/4) + LgusB,
(A22)

with fiwg = ,8(2%3)2. Using m* /my = 0.5, 8 = 100 meV nm*
and g = 10, in Fig. 22 we plot the corresponding bulk bands
vs wave vector, and LLs [Eq. (A22)] as a function of B. In the
lower panels we plot the corresponding SdH oscillations for
nop = 2 x 10'2 cm—2, where we observe periodic oscillations
with respect to 1/B. The LL index vs 1/B also confirm the
periodicity.
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