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Shubnikov-de Haas oscillations reaching the quantum limit in two-dimensional
electron systems at SrTiO; (111) interfaces

Zigiao Wang 5T Autumn Heltman ®,!-" Shalini Kumari,! Lunhui Hu®,! Zhu Lin,! Rojin Taheri,2

Leixin Miao,? Nasim Alem,? Lin Jiao®,? Shalinee Chikara®,?> Alexey Suslov®,? John Singleton ®,* Fedor Balakirev ®,

4

Chaoxing Liu,' and Qi Li®!#
' Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802, USA
2Department of Materials Science and Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802, USA
3National High Magnetic Field Laboratory, Tallahassee, Florida 32310, USA
*National High Magnetic Field Laboratory, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

® (Received 20 October 2021; revised 3 May 2022; accepted 7 July 2025; published 21 July 2025)

Transition metal oxides in the (111) orientation have been predicted to harbor topological phases and
unconventional quantum states because of their hexagonal crystal symmetry and strong interactions between
charge, spin, and orbital degrees of freedom. We report Shubnikov—de Haas oscillations into the quantum
limit at magnetic fields up to 35 T in high-mobility (>20000 cm? V™! s~!) two-dimensional electron liquids
at (111)-oriented SrTiOj; interfaces with controllable carrier densities. Spin splitting is observed at low Landau
levels, which is attributed to the interplay between the Zeeman splitting and Rashba spin-orbit coupling according
to our theoretical modeling, yielding Landé factor g = 0.29 and Rashba coefficient « = 0.6 meV nm. At high
magnetic field after the system reaches the lowest Landau level, the temperature dependence of the resistance
shows a metallic to insulating state transition with the magnetoresistance changing significantly from a primarily

quadratic to a large linear field dependence.
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I. INTRODUCTION

Transition metal oxides in the (111) orientation have re-
cently attracted special interest [1-14] owing to a combination
of hexagonal crystal symmetry, strongly correlated d-orbital
electrons, and large spin-orbit coupling (SOC) effect [1-6].
With strong electron-electron interaction, Wigner crystal [1],
topological Mott insulator [2—4], spin liquid [4—6] and unique
magnetic ground states [6] have been predicted in such sys-
tems. Specifically, in SrTiO3 (111), the top two TiOg layers
form a buckled honeycomb lattice which is similar to the
structure of graphene and bilayer transition metal dichalco-
genides [15,16]. Dirac bands and charge-ordered insulating
phases have been predicted by density functional theory
calculations based on the honeycomb lattice with on-site
Coulomb interaction [2], but they have yet to be realized
experimentally.

The discovery of a two-dimensional (2D) electron sys-
tem at the interface between two band insulators, SrTiO3;
and LaAlOs3, has opened up new and uncharted territory for
condensed matter physics and materials science [17,18]. Rich
quantum properties are revealed in SrTiO3 (001)-based inter-
faces and surfaces [19-38], including the quantum Hall effect
[24,25], coexistence of superconductivity and ferromagnetism
[26-31], and a large Rashba SOC [33,34]. The SrTiO3 (001)

“These authors contributed equally to this work.
TContact author: wangzigiao@quantumsc.cn
Contact author: qill @psu.edu

2469-9950/2025/112(3)/035153(9)

035153-1

interface has also shown strong potential for spintronics appli-
cations because of the unprecedented spin-charge conversion
efficiency [34]. Compared to the (001)-oriented interfaces,
SrTiOj3 (111)-based 2D electron systems have been scarcely
studied due to the difficulty in fabricating samples with high
mobility. However, based on results thus far reported, the
(111) systems have already shown distinct electronic prop-
erties in comparison with those of the (001) orientation
[7-12]. The differences are attributed to the different sym-
metry [8—11] and strong electronic correlations [11,12]. For
instance, our previous results on SrTiO3 (111) surface electron
systems have demonstrated that its in-plane anisotropic mag-
netoresistance (MR) has a sixfold symmetry [10], in contrast
to the fourfold symmetry in the (001) orientation, reflecting
the difference in orbital symmetry of the band structures.
Shubnikov—de Haas (SdH) oscillations provide a powerful
measurement tool to probe the electronic states at the Fermi
surface and have been widely applied to the SrTiO; (001)
system [35-38]. However, due to low mobility or three-
dimensional nature of the previous samples, the SdH effect
has been rarely reported for SrTiO; (111) [11].

II. METHOD

In the exploration of the intriguing quantum properties of
(111) systems, we have developed a fabrication process using
dual layer amorphous semiconductors to create a 2D electron
liquid at (111)-oriented SrTiOj; interfaces with high mobility
(>20000 cm? V~'s~!) and controllable carrier density. 2D
electron systems were formed at interfaces between SrTiO3

©2025 American Physical Society
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TABLE I. Parameters for sample A, B, C, and D. R; is the sheet resistance, ny,; is determined by ny,; = 1/eRy where Ry is the Hall
coefficient defined by the slope of R,,(B) at low fields, nsqy is calculated from the SdH oscillation frequency B by nsqy = (2¢/h)By, and B,
is obtained directly from the experimental data as the last dip of the SdH oscillations.

R_s at ~0.3 K Nyan at ~0.3 K MHall at ~0.3 K Nnggy at ~0.3 K
Sample (Ohm) (x10" cm™2) (cm?>V-1sh) (x10"2 cm™2) B (T) B, (T)
A 11.6 3.52 15200 1.20 24.4 19.9
B 17.1 2.59 14100 0.98 20.2 16.5
C 18.4 2.39 14300 1.08 223 18.0
D 70.0 1.24 7200 0.68 14.7 12.6

(111) single crystals and SiO, thin films. For the purposes
of this study, 60-nm-thick SiO, films were deposited by RF
sputtering at room temperature. The thickness does not sig-
nificantly affect the properties of the 2D electron systems
unless it is very thin (<5 nm) [39]. A thin HfO, buffer
layer (3—13 nm) was constructed at the interface before the
SiO, deposition to control the carrier density and dimen-
sionality [40]. HfO, films were fabricated by atomic layer
deposition (ALD) at 110°C using tetrakis (dimethylamido)
hafnium [Hf (NMe;),] as the metal precursor and water as the
oxygen source [41,42], and subsequently annealed in oxygen
at 110°C for several hours. Electrical transport measure-
ments showed that the ALD deposited Hf O, films were very
insulating.

X-ray diffraction (XRD) measurements have been con-
ducted for SrTiO; (111)/HfO,/SiO;, interface samples
[Fig. S1(a) [43]]. Besides the single-crystal SrTiO; (111)
peak, no diffraction peaks were observed from either SiO; or
HfO, layers, indicating that both SiO, and HfO, layers are
in their amorphous phases. This is consistent with the results
for thicker HfO, and SiO, films deposited at low substrate
temperatures that they are both in amorphous phases. A high-
resolution cross-sectional transmission electron microscopy
(TEM) image of a typical sample with 3 nm HfO, and 60
nm SiO, is shown in Fig. S1(b) [43]. The ALD-deposited
HfO, film is rather uniform in thickness. The sharp interfaces
are further confirmed by the element mappings using energy-
dispersive spectroscopy (EDS) [Figs. S1(c) and S1(d); see the
Supplemental Material [43] and Refs. [44,45] therein]. The
TEM images confirm that the StrTiO5; (111) single crystal has
a perfect crystal structure, while both SiO, and HfO, layers
are amorphous.

The device was fabricated using the following procedure.
After the first photolithography step, a 5 nm Ti /50 nm Au
film was deposited as the contact leads on the surface of the
single crystal after a light ion milling. A Hall bar of size 20
um x 100 wm was patterned, followed by the HfO, and SiO,
deposition. The longitudinal resistance Rxx and Hall resistance
Ryy were measured using standard four-probe ac techniques.
The samples reported in this paper have Hall carrier densities
in the low 10'> cm~2 range with relatively small contact re-
sistances (samples A, B, C, and D have Hall carrier densities
of 3.52,2.59,2.39, and 1.24 x10'3 cm~2, respectively, shown
in Table I). Transport measurements at National High Mag-
netic Field Laboratory (NHMFL) were carried out in a He-3
cryostat with DC fields of up to 35 T and a base temperature
of 300 mK. A rotation probe was used to measure the SdH

oscillations at different angles, which was calibrated using the
Hall resistance of the sample.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetoresistance behavior at SrTiO; (111) interface

The sheet resistance R (T) = Rz;g) (L is the length and
W is the width of the Hall bar) of sample A is presented in
the inset of Fig. 1. R decreases with decreasing temperatures,
with a residual resistance ratio Izi((%?g 118 = 1563, indicating
the highly metallic nature of the 2D electron system. Magne-
toresistance measurements were conducted in high magnetic
fields of up to 35 T and at low temperatures down to 300 mK
(performed at NHMFL in Tallahassee, Florida). Figure 1
displays R, for sample A with the magnetic field applied per-
pendicular to the interface. The corresponding MR is defined
as MR(B) = W x 100%. Clear resistance oscilla-
tions are observed from lower fields to around 20 T. Above
this field, the oscillations disappear and the MR changes be-
havior, resulting a sharp rise in resistance. With their lower
carrier densities, samples B, C, and D also exhibit oscilla-
tions and a larger increase of MR at higher fields [Fig. S2(a)
[43]]. The critical magnetic field at which the last oscillation

occurs decreases with reducing carrier density. The effect of
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FIG. 1. Sheet resistance R, versus magnetic field at high mag-
netic field up to 35 T and 320 mK in sample A. Upper inset: R
versus temperature. Lower inset: A schematic drawing for transport
measurements. The top two layers of Ti atoms at (111) surface of
SrTiO; forms a honeycomb lattice when projected to the (111) plane.
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back-gate tuning on the SdH oscillations has also been stud-
ied in sample C (Table S1 [43]). However, despite apparent
changes in the carrier density indicated by Hall measurements,
the effect of gate voltage on SdH oscillations is relatively
small compared to that caused by the variations in the initial
carrier density (Fig. S3 [43]). We therefore focus our analysis
on samples with different virgin carrier density.

B. Shubnikov—de Haas oscillations reaching
the lowest Landau level

To further analyze the oscillations, a polynomial back-
ground Ry(B) is subtracted (Fig. S4 [43]) and AR =& RR"
is plotted as a function of 1/B. The result for sample A'is
shown in Fig. 2(a). The data show pronounced oscillations
starting at low magnetic field around 2 T, reflecting high
carrier mobility. The oscillations are periodic in 1/B, strongly
suggesting that they are due to the SdH effect. Generally, the
SdH oscillations in 2D electron systems follow the Lifshitz-
Kosevich (L-K) formula AR,/Ry RTRDcos[ZJT(%’ + )l
[35-37,46-48]. Here Ry(B) is the nonoscillatory background
resistance, Ry = BT /sinh(BT) is the thermal damping term,
Rp = exp(—pBTp) is the Dingle damping factor; BT =
272kpTm* /ieB, Tp = li/2mkpt, is the Dingle temperature,
m* is the effective mass, 7, is the quantum scattering time,
and By is the SdH oscillation frequency. The phase factor
27y comes from Berry’s geometrical phase [49-51]. We ob-
serve that AR;/R, follows a single-band L-K formula for all
oscillations except the last oscillation, which has a slightly
larger oscillation amplitude than expected. This may be due
to two reasons: (1) the L-K formula is strictly valid only for
small values of AR;/Ry [52], and (2) there is a sharp rise of
the MR in the high field range which may affect the chosen
background. The best fit to the L-K formula yields 7y = 2 ps,
which is shorter than the transport scattering time t, = @ =
12 ps, commonly observed in electron gas systems [43]. A
phase factor of y = 0.37 is obtained from the L-K fitting,
corresponding to a nonzero Berry phase of 0.27x. This is
likely originated from the degeneracy of electron states and
SOC in the system [7,49-51].

A Landau fan diagram is plotted in Fig. 2(b), where the
integer Landau level index (n) is assigned to the nth oscillation
dip in Fig. 2(a). As indicated in the figure, the Landau level
n =1 has been reached at the last oscillation dip, beyond
which only the lowest Landau level is occupied and all higher
Landau levels are empty. This is commonly referred to as
the quantum limit [53]. No more resistance oscillations are
observed at higher fields. The dip and peak positions in the
inversed magnetic field have a linear relationship with n, and
the slope of the linear fitting gives By = 24.4 £0.1 T. Fur-
thermore, fast Fourier transformation (FFT) analysis of the
oscillations presented in Fig. 2(a) is characterized by a sharp
single peak [the inset of Fig. 2(b)], indicating once again the
single band feature of the oscillation. The FFT peak position is
at By = 24.4 4+ 0.4 T, which is consistent with the frequency
given by the linear fitting (24.4 + 0.1 T) and the L-K fitting
243£0.17T).

The SdH oscillations are studied in four samples with
different initial carrier densities (Table I and Fig. S2 [43]).
All the samples exhibit clear SdH oscillations reaching the
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FIG. 2. (a) AR,/Ry has a periodicity in 1/B indicating the SdH
oscillations. Oscillations for Landau level n > 2 follows the trendline
given by L-K formula. (b) Landau fan diagram. The integer Landau
level index (n) is assigned to the nth oscillation dip. Inset: Fast
Fourier transformation of AR;/R, from 2.5 to 13 T. (¢) AR,/Ry plot-
ted as a function of 1/B at temperatures of 0.32 K, 0.83 K, 1.78 K, and
3.50 K, respectively. Inset: Temperature dependence of the SAH FFT
amplitude (5-26 T) gives the effective mass m* = 1.46 £ 0.05 m,.
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FIG. 3. (a) Spin splitting for last oscillation peak in sample B at several magnetic field angles. (b) The SdH oscillation frequency scales
linearly with !/ ., indicating a 2D nature of the electron system. (c) DOS considering both Rashba SOC and Zeeman splitting for different
magnetic field angles, which can qualitatively reproduce experimental observation. (d) Comparison of experimental and calculated split

et
lowest Landau level as represented by the last resistance dip at
the quantum limit field B,. Above B, the resistance depends
linearly on magnetic field. Further support for this assertion
comes from plotting —d?R/dB?, which reaches the last dip at
B, and tends to zero at higher fields [Fig. S5(a) [43]]. From
samples A to D sorted by decreasing carrier densities, B,
changes from 19.9 T to 12.6 T, respectively. The intercepts
in the Landau fan diagram are almost identical for all samples
[Fig. S5(b) [43]]. This consistency of the nonzero intercept
for different samples demonstrates again the nonzero Berry
phase in the electron system at SrTiO5 (111) interface. Owing
to the nonzero Berry phase, B, is slightly lower than the SdH
oscillation frequency By. Both B and B, shift to lower fields
with lower carrier density [Fig. S5(c) [43]]. This is consistent
with the Onsager relation since the cross-sectional area of the
2D Fermi contour becomes smaller with lower carrier density.

Hall resistance at or above 4 K shows a linear field de-
pendence [Fig. S6(a) [43]]. Hall plateaus (Hall resistance
slope reductions) appear in Hall resistance measured at lower
temperatures, suggestive of the quantum Hall-like effect
[Fig. S6(b) [43]]. We notice that the carrier density determined
from the SdH oscillation frequency is lower than that obtained
from Hall resistance. The discrepancy has also been widely re-
ported in SrTiO5 (001) systems and attributed to the multiband
character and band degeneracy [18,25,36,38]. Considering the
linear Hall effect and a single SdH oscillation frequency, the
discrepancy in the SrTiOs (111) system is more likely due

to the band degeneracy rather than the multiband character.
ARPES results and band calculations on the SrTiO; (111)
surface have shown three equivalent Fermi surface ellipses,
indicating a valley degeneracy of three [8,9]. Additionally,
the band degeneracy may also originate from multiple Ti sub-
bands. It was proposed that multiple Ti subbands with similar
mobility and effective mass in oxide interface quantum well
could give rise to combined SdH oscillations [25].

C. Angular dependence of spin splitting

We observe extra features in the region of low Landau
level quantum numbers. As noted in Fig. 1, the last oscil-
lation peak has a wider top, resembling a superposition of
two peaks rather than a single oscillation peak. This feature
is reminiscent of spin splitting at high magnetic fields. The
peak splitting is seen more clearly when the field is tilted
from the out-of-plane orientation. We show in Fig. 3(a) the
angular dependence of the last oscillation peak in sample B.
The angular behavior of sample A is similar (Fig. S7 [43]). At
20° and 30° angles, the last peak clearly splits into two peaks.
The SdH oscillation frequency scales linearly with !/cos,
suggesting a 2D nature of the electron system [Fig. 3(b) and
Fig. S8 [43]]. Meanwhile the oscillation amplitude gradually
decreases with increasing angles (from ~10 ohm at 6 = 0° to
~1 ohm at# = 30°). The SdH oscillation is very weak and not
extractable under in-plane magnetic field (Fig. S9 [43]). To
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determine the peak splitting value for the perpendicular field
direction, we fitted the last peak with the superposition of two
Lorentz peaks with the splitting |[1/B; — 1/B_| = 0.013 T~!
for sample B (see Fig. S10 [43] and supplemental discus-
sion). The split increases with increasing angle as shown in
Fig. 3(d). At 30°, the splitting increases to 0.02T~'. The
shallow dip between the two spin-split peaks corresponds to a
half-filling state for n = 1 state where the n = O state is fully
occupied while only one spin state is occupied for n = 1 state
(Fig. S11 [43]). Note that the lift of spin degeneracy at high
field has also been reported at SrTiO; (001) interface, where
the doubling of the SdH frequency at high field suggests a
transition from spin-degenerate to spin-resolved state [25].
The spin splitting has been observed in various systems and
commonly used to determine the g factor by analyzing the
phase shift of the split peak [54-56].

The broken inversion symmetry at the interface gives rise
to intrinsic SOC. We thus consider a single-band Hamiltonian
with both Rashba SOC and Zeeman splitting,

n*k? _
Hy = —— +a(oky — oyky) — lip - B. €))]
2m*

To explain the experimental results, we calculate the den-
sity of state DOS(B, 0) based on the Landau level spectrum
and the assumption of a constant carrier density [43,57].
The angular-dependent peak splitting |i — %| is calculated
from DOS(B, 0) and compared to the experimental results
[Figs. 3(c) and 3(d)]. The peak-splitting trend with increas-
ing tilt angles can be reproduced with g = 0.29 and Rashba
parameter « = 0.6 meV nm (see the Supplemental Material
[43] for the detailed procedure to determine the parameters).
The energy scale of band splitting caused by the Rashba SOC
at the Fermi surface is given by Erashba = 20/2m*Ep /I =
0.3 meV.

The Rashba parameter of ¢ = 0.6 meV nm derived from
spin splitting is close to the value reported at LaAlO3/SrTiO3
(111) interface from the fit to the weak antilocalization effect
[7]. It is also comparable to the value in SrTiO3 (001) systems
by tight-binding calculation and second harmonic bilinear
magnetoresistance measurement [33,58]. The g factor is sig-
nificantly smaller than that of a free electron. Noteworthily,
the small g factor does not depend on the model considering
Rashba SOC; a small g factor is obtained even if we assume
the spin splitting to be purely due to the Zeeman effect [43].
The deviation of g factor from 2 (either larger or smaller
than 2) is expected in systems with strong SOC [59]. For
instance, SOC could give rise to a small g factor in (4d )3
and (5d )3—based transition metal oxides [60]. Moreover, the
g factor can be affected by the electric field in quantum well
structures [61]; a gate tunable g factor has been experimentally
demonstrated at the LaAlO3/StTiO3; (001) interface by ana-
lyzing the magnetoresistance behavior, and a small g-factor
appears at negative gate voltage [62]. The small g factor at the
SrTiO; (111) interface likely originates from the atomic SOC
of Ti and the hybridization of three #,, bands.

D. Linear magnetoresistance with insulating behavior
in the quantum limit

Achieving the lowest Landau level at relatively low field
enables us to study the quantum limit transport, which, to

800
Sample D
G 600
x T Sample B T
Sample C
0 C 1 1 1 1 1
23 26 29 32 35

B(T)

FIG. 4. Linear MR behavior at high magnetic field in the quan-
tum limit in samples B, C, and D. Linear fitting has a good agreement
with the experimental data.

the best of our knowledge, has never been reached in SrTiO3
(111) electron systems. As seen in Fig. 1, the quantum oscil-
lations disappear after the system reaches B,. In field region
below By, the MR is dominated by a quadratic dependence
with the field. Above B, there is a sudden transition to a
linear field dependence with a much larger MR. This MR
transition is also accompanied by a metallic to insulating
state transition. At low magnetic fields, the resistance de-
creases with decreasing temperature; above By, the resistance
increases with decreasing temperature (Fig. S2 [43]). Linear
MR behavior at high magnetic fields above B, is also observed
in samples B, C, and D [Fig. S2(a) [43]], and because lower
carrier densities result in lower B, in these samples, the linear
MR behavior appears over a wider field range than that of
sample A. The MR magnitude exceeds 1400% in sample B at
35 T. Figure 4 shows the linear MR region of samples B, C,
and D at high magnetic fields. Good agreement between the
linear fits and experimental data are obtained. We have also
made a double-logarithmic plot of Ry — Ry versus magnetic
field in samples B, C, and D (Fig. S12 [43]). The best fit of the
power-law fitting (R; — Ry ~ B", where Ry is the intercept)
to the experimental data from 23 to 35 T yields m close to 1,
further confirming the linear behavior.

We briefly discuss the possible origin of the unsaturated
linear MR behavior and the metallic to insulating transition
in high magnetic field. Multiple mechanisms have been
developed to describe the linear MR behavior in various
materials [63—-71]. In our samples, the MR behavior is very
distinctive from the previous reports that the MR is not
linear before reaching the lowest Landau level; only once
the electrons, which contribute to the SdH oscillations, are
in the lowest Landau level does the MR become linear. By
contrast, in Refs. [55,63,64] the MR is linear over a wide
magnetic field range and it is unrelated to the system reaching
the lowest Landau level. In such cases, the linear MR is
frequently caused by disorder and inhomogeneities [69,70].
Since the Landau levels would be smeared in disordered
systems, it is unlikely that SdH oscillations would be visible.
Therefore, disorder and inhomogeneities cannot completely
explain the observed linear MR in the quantum limit in our
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high mobility system. In Abrikosov’s quantum model [68],
linear MR appears in materials with Dirac-like bands [65-67]
when only the lowest Landau level is occupied. Although a
Dirac-like band has been predicted at specific points in the
Brillouin zone in SrTiO3; (111) systems [1,2], it is believed
that it is not the dominant band for the electron transport [8,9].
However, we cannot completely rule out the possibility that
it becomes more pronounced when only the lowest Landau
level is occupied.

Notably, the linear MR in our samples appears in a field-
temperature region displaying insulating behavior [i.e., the
resistance increases with decreasing temperature as shown
in Figs. S2(d) and S2 (e) [43]]. Magnetic “freeze out” is
proposed to explain the giant MR accompanied by insulating
behavior in semiconductors such as InSb [72]. Bound states
are formed as the field increases, and as a result the carriers
in the conduction band become localized. However, in this
model, the MR is proportional to B3, rather than the linear
field dependence seen here. On the other hand, insulating
behavior could be driven by electron correlation [2—4,73-75].
It has been predicted that a charge-ordered insulating phase
could appear in SrTiO3 (111) heterostructures due to the com-
bination of on-site Coulomb interaction and broken inversion
symmetry [2]. The observed linear MR with insulating be-
havior above B, may suggest a transition to a charge-ordered
insulating phase [73]. A linear MR behavior in the quantum
limit has also been reported in lightly doped single crystals of
SrTiO3, which is linked to magnetic-field-induced puddling of
electrons [76].

IV. CONCLUSION

In summary, we have achieved a high-mobility 2D elec-
tron system with controllable carrier density at (111)-oriented
SrTiO; interfaces. We observe for the first time in this system
pronounced SdH oscillations into the quantum limit. Angular

dependent spin splitting is observed in the low Landau level
states, which is attributed to Zeeman splitting and Rashba
SOC in agreement with theoretical modeling. Our model
yields a small g factor, demonstrating the uniqueness of the
2D electron system at (111)-oriented interface due to the
distinctive symmetry and confinement. Above the quantum
limit field, the system undergoes a metallic to insulating state
transition according to the temperature dependence of the
resistance. Under the same conditions, the magnetoresistance
changes significantly from a quadratic behavior to a linear
behavior with a large MR. Our results demonstrate that the
strongly correlated electron system at SrTiO3 (111) interface
could give rise to novel insulating states in the quantum limit.
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