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Dirac-Like Fermions Anomalous Magneto-Transport in a
Spin-Polarized Oxide 2D Electron System

Yu Chen,* Maria D’Antuono, Mattia Trama, Daniele Preziosi, Benoit Jouault,
Frédéric Teppe, Christophe Consejo, Carmine A. Perroni, Roberta Citro,

Daniela Stornaiuolo,* and Marco Salluzzo*

In a 2D electron system (2DES) the breaking of the inversion, time-reversal
and bulk crystal-field symmetries is interlaced with the effects of spin-orbit
coupling (SOC) triggering exotic quantum phenomena. Here, epitaxial
engineering is used to design and realize a 2DES characterized simultaneously
by ferromagnetic order, large Rashba SOC and hexagonal band warping at the
(111) interfaces between LaAlO;, EuTiO;, and StTiO; insulators. The 2DES
displays anomalous quantum corrections to the magneto-conductance driven
by the time-reversal-symmetry breaking occurring below the magnetic
transition temperature. The results are explained by the emergence of a

effects of these Diraclike fermions in
a 2DES are revealed when the chemi-
cal potential is tuned near the avoided
crossing of Rashba-like SOC split bands.
In 3D-topological insulators (TIs) Dirac
fermions drive intriguing quantum trans-
port properties, such as the quantum
anomalous Hall effect,[!?] topological phase
transitions®! and changeovers from weak
anti-localization (WAL) to weak localization
(WL) quantum corrections to the magneto-

non-trivial Berry phase and competing weak anti-localization/weak
localization back-scattering of Dirac-like fermions, mimicking the
phenomenology of gapped topological insulators. These findings open
perspectives for the engineering of novel spin-polarized functional 2DES
holding promises in spin-orbitronics and topological electronics.

1. Introduction

Low dimensional electron systems can display exotic physi-
cal phenomena governed by the emergence of a non-trivial
Berry curvature. The latter is linked to a band structure locally
mimicking the dispersion relations of relativistic particles. The

conductance (MC).[*! In particular, the
hexagonal band warping of most 3D-TIs
can trigger a net out-of-plane spin po-
larization induced by in-plane magnetic
fields, and the opening of scattering chan-
nels between multiple pairs of stationary
points with opposite momenta.”) When
a time-reversal-symmetry (TRS) breaking
is introduced in such systems,[*¢ the
opening of a magnetic gap leads to an extra WL scattering chan-
nel, beside the WAL spin-orbit scattering associated to a 7 Berry
phasel®°! (see Figure 1a—c).

Among low dimensional electron systems, 2DESs at the
oxide interfaces are particularly appealing, as they can be
opportunely engineered by epitaxy to host novel quantum
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Figure 1. a) Sketches of WL in a system without spin-momentum locking, e.g., disordered metals with constructive interference of self-crossing loops
and a zero Berry phase. b) WAL in SOC systems, e.g., topological insulators and oxide interfaces, due to a destructive interference and a z Berry phase.
) Competing WL and WAL with a non-trivial Berry phase at low doping (right) in gapped Dirac systems, e.g., magnetically doped Tls.[*] d) Sketch of the
LAO/ETO/STO heterostructure with a back-gate electrode. €) The (Eu, Sr)TiOj; lattice (left) and its projection (right) on the (111) interface/surface plane.
Along the [111] interface/surface normal, the system consists of three non-equivalent layers of Ti atoms (red, green, blue), with the two perpendicular
[172] and [110] crystallographic axes. f) Electronic band structure, E(k) of (111) interfaces, showing bands with ayg (red) and e’g’ir (green, blue) orbital

character, together with their Rashba-like split counterparts (dark dotted lines). Throughout this letter, ka are in units of , where a = \/2/_3a0 with the
cubic STO lattice constant a, = 3.905A. g) Spin arrangements of the lowest spin-split bands composed of ayg orbitals, exhibiting the emergence of an
out-of-plane component induced by the hexagonal warping effect. The magnitude of the out-of-plane component is shown using a blue (spin down) to
red (spin-up) color gradient-scale. h) Corresponding Fermi contours shown as continuous/dotted lines and Berry curvature color map of a sub-band at

Er =60 meV.

phenomena, from unconventional superconductivity!''?l to ex-
otic magnetism and multiferroic behavior.¥] In the 2DES at
the (001) interfaces between LaAlO, (LAO), EuTiO,; (ETO), and
SrTiO, (STO) (LAO/ETO/STO), for instance, ferromagnetic cor-
relations, due to the magnetic ordering of Eu?* (4f’) ions, coex-
ist with a relatively large Rashba-like SOC and unconventional
superconductivity.[!114

Recently, the study of (111) STO-based interfaces unveiled a
large and unexpected in-plane second order bi-linear magneto-
resistance and anomalous Hall effect, induced by a large in-plane
magnetic field.['>"77] The results, in part linked to the hexago-
nal band-warping of (111) heterostructures,'®! were interpreted
as signatures of an out-of-plane spin-polarization and non-trivial
Berry curvature nearby the Dirac-like point formed at crossing
bands split, at finite momentum, by the Rashba-SOC.

Here, we show how epitaxial engineering of oxide heterostruc-
tures enables the realization of a rare example of oxide 2DES
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characterized by hexagonal band-warping and breaking of the
inversion and time-reversal symmetries, which give rise to a
non-trivial Berry phase (y ¢ {0, #}) without the application of
in-plane magnetic fields. This non-trivial Berry phase is mani-
fested directly in the quantum corrections to the first-order MC
which shows competing WL/WAL scattering channels of Dirac-
like fermions, with a phenomenology analogous to that of mag-
netically doped 3D-TIs.[*®]

2. Results and Discussion

The 2DES was realized by sequential epitaxial deposition of 3
unit cells (uc) delta-doping (111) ETO layer and 14 uc LAO on
a Ti-terminated (111) STO single crystal (see Experimental Sec-
tion; Figure Sla, Supporting Information). Magneto-transport
properties were studied on Hall-bar devices patterned using pho-
tolithography and ion beam etching at low temperaturel'® (see

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a) Gate voltage (at 1.8 K) and temperature (at V, =~10 V) dependence of the Hall effect on a Hall-bar oriented along the [110] crystallographic
direction. The inset is a zoomed-in view. b) Gate voltage dependence of the inverse Hall coefficient and sheet conductance. c¢) MC as function of gate
voltages in the range +30V to—40V (upper panel) and 40V to =120V (lower panel). MC data in full voltage range is also shown in Figure S5 (Supporting
Information). The color-code of each MC data corresponds to the sheet conductance shown in the colorbar (6 & 1mS — 2.9 uS). Red lines are the best
fits using Equation (1). d) Extracted MC data from the data set and their fits, at 30, 0, —40, —-80, and —120 V, to highlight the evolution of the peak-shoulder
feature as function of the gate voltage. The MC at +30 V in the full range is displayed in the right axis.

Experimental Section). Transport characterizations!’®! confirm
the formation of a 2DES with a sheet resistance temperature
dependence similar to that of (001) and (111) LAO/STO het-
erostructures (Figure S1b, Supporting Information). Tuning of
the chemical potential was achieved by back-gating, as schemat-
ically shown in Figure 1d.

(111) STO-based oxide 2DES can be described as repetition
of three inequivalent Ti-layers stacked along the [111] vector,
i.e., perpendicular to the interface, arranged in a hexagonal
latticel?*-%] (Figure le). Inversion symmetry breaking gives rise
to a Dy, trigonal symmetry, resulting in hybridized t,, Ti-orbitals
forming a,,, € states(?*] (Figure 1f; Figure S2a,b, Supporting In-
formation). The trigonal crystal field has several consequences
on the electronic band structure of the 2DES. First, as shown by
tight-binding calculations (Note SI, Supporting Information), the
Fermi surface of the lowest-energy bands exhibits a snowflake
shape and a hexagonal band warping in a wide range of chemi-
cal potentials, affecting the electronic and transport properties.[??]
Second, the hexagonal warping brings about an out-of-plane spin
textures (see Figure 1g and refs. [15, 16, 23]) and a Berry cur-
vature with alternating positive and negative values around the
Brillouin zone, as illustrated by numerical calculations for the
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lowest band with a,, orbital character (Figure 1h). This Berry cur-
vature leads to an overall = Berry phase (Note SII, Supporting
Information). As a result, pure WAL corrections to the low field
MC are expected in these (111) systems that do not have a TRS
breaking.!1216:17]

On the other hand, (111) LAO/ETO/STO is characterized by
ferromagnetically ordered Eu-ions, as confirmed by X-ray mag-
netic circular dichroism and SQUID magnetization measure-
ments, with a ferromagnetic Tc of about 7.5K (see Figure S3, Sup-
porting Information, and ref. [19]). The interaction between Eu-
4f spins and Ti-3d moments induces a spin-polarization in the
2DES. Moreover, the trigonal crystal field splitting in this sys-
tem is three times larger than the one of the (111) LAO/STO
system,**! enhancing the band splitting between the lowest a,,
and ¢; derived bands. The enhanced splitting and the TRS-
breaking driven by the ferromagnetic order are expected to in-
duce novel quantum states, distinct from non-magnetic 2DES.

To study the low temperature physics of (111) LAO/ETO/STO,
we performed an extensive study of the gate-voltage depen-
dent magneto-transport properties of the system (Figure 2). In
Figure 2a we show the Hall effect data measured as function
of the gate voltage and temperature.The Hall-effect resistivity is
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overall linear, however a closer look to the data shows a devia-
tion from the linear behavior in the low field region, as high-
lighted by the derivative of the Hall effect (see Figure S4 and Note
SIII, Supporting Information). This deviation is due to the pres-
ence of an anomalous Hall effect contribution due to the mag-
netism of the 2DES.!"*] The anomalous component, R, ., ex-
tracted by subtracting the Hall effect slope around 4 Tesla from
the transverse resistance R,, decreases as function of the gate-
voltage, but is present in the whole range of gates explored, up
to V, = +30V (see Figure S4, Supporting Information). Above
4 Tesla the Hall effect is linear up to V, = +10V, suggesting
mostly single-band transport of electrons belonging to the low-
est a,, band. For larger gate voltages an additional curvature is
observed indicating the emergence of another band contribut-
ing to the transport properties. The inverse Hall coefficient de-
creases when increasing the gate voltage (Figure 2b) that is op-
posite to the behavior observed in (001) oxide interfaces, where
it reflects the accumulation of electron-carriers with the increase
of the chemical potential. However, in (111) oxide heterostruc-
tures, the inverse Hall coefficient does not correspond to the elec-
tron carrier density, as also shown in ref. [22]. This result is a di-
rect consequence of the band-warping, i.e., the non-parabolic na-
ture of the a,, band. The snowflake Fermi contours of this band
give rise to regions having positive and negative curvatures, thus
opposite Fermi velocities, akin to (111) LAO/STO interfaces in
the low doping regime (see ref. [22] and Note SIV, Supporting
Information).

In Figure 2(c,d) we show the gate voltage V, dependence of the
anomalous MC of (111) LAO/ETO/STO. At large negative gate
voltage, i.e., =120 V, the MC is negative at low fields, similarly
to what happens in the presence of WAL corrections (Figure 2d
bottom panel). Increasing the gate voltage, the shape changes
drastically and the MC becomes positive with a cusp-like shape,
followed by a peak and a shoulder. The peak to shoulder fea-
ture increases with V,, reaches a maximum at V, = -40 V, and
then decreases again until it almost (but not completely) dis-
appears at +30 V (Figure 2d upper panel; see also Figure S5,
Supporting Information). A similar anomaly is also observed in
parallel field (see Figure S6, Supporting Information), which ex-
cludes an explanation based on a combination of suppressed
quantum localization and reduced magnetic scattering,?’! and
other negative MC terms like the classical parabolic orbital term
(see Note SV, Supporting Information). Moreover, the anoma-
lous positive cusp-like shape is remarkably different from the
positive WL or the negative cusp-like WAL corrections observed
in non-magnetic 2DES at the (001) and (111) LAO/STOl216.26]
and LaTiO,/STO interfaces.['”] The latter were well explained
by the models of Hikami-Larkin—-Nagaoka, lordanskii-Lyanda—
Geller-Pikus, or Maekaewa—Fukuyama.?’-2°l On the other hand,
the MC data of (111)LAO/ETO/STO (Figure 2¢,d) are reminis-
cent of the phenomenology observed in the magneto-transport
of magnetically doped 3D-TIs,l’) where it was attributed to com-
peting WAL and WL channels induced by the opening of a mag-
netic gap A (see Figure 1c), and well reproduced by the formula
derived in ref. [4]:

a.e’ 2 1 flzg
s6(B)= Y —— ‘P<—B+—> —1r1<— 1)
ig‘l h [ fii 2 f;i
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where ¥ is the Digamma function, 7 = h1/4¢Band 7, are the ef-
fective phase coherence lengths. The pre-factors @, and a,, with
opposite signs, represent the weights of the WAL and WL chan-
nels contributions. As shown in Figure 2¢, where the fitting-
curves are displayed as red-lines, Equation (1) captures well the
data in the full range of gate voltages. As for 3D-TIs,[*} both «;
and 7, are expected to be function of the magnetic gap A and
chemical potential E; (see Figure S7, Supporting Information).
The good agreement between the data and Equation (1) shown
in Figure 2¢,d indicates that the low temperature anomalous MC
is explained by two competing WL and WAL scattering channels
related to the magnetic gap A opening, each contributing to the
MC quantum corrections.

In this framework, a purely WAL MC is predicted upon closing
of the magnetic gap, which should take place approaching the FM
transition of the system. In order to verify the link between the
anomalous MC and the magnetism of the 2DES, in Figure 3a,b
we show the peak-shoulder feature evolution as a function of the
temperature at different gate voltages. By increasing the tempera-
ture, the MC-shape changes completely within few Kelvins and a
negative MC, i.e., WAL, is recovered at temperatures in the range
between 5 and 8 K, compatible with the fading away of magnetic
correlations induced by the Eu?* magnetic order (Tc between
5 and 10 K).'13% Thus the experimental results show that the
anomalous MC is linked to the magnetic gap, that is, the band
topology character.

As mentioned above, in magnetically doped 3D-T1s this band
topology gives rise to a non-trivial Berry phase (see Figure 1c and
ref. [4]). Now we introduce a minimal model including Rashba-
split bands derived from the lowest a,, orbital, a hexagonal warp-
ing term, and a magnetic exchange interaction related to the mag-
netic correlations in the 2DES. It is worth noting that within
this minimal model, the hexagonal warping approximates well
the band-structure of the (111) 2DES only at low values of the
momentum (Figure S2a, Supporting Information). However, it
has the advantage to provide analytical expressions for most of
the quantities, which helps in understanding the main conse-
quences of the interplay between Rashba-SOC, TRS-breaking,
and the breaking of the bulk (D,,) crystal-field symmetry into the
D;,; symmetry.

Magnetic correlations in the 2DES are included by adding
an in-plane ferromagnetic magnetization of the form Hp, =
h -G = ¢ (o, cosy + o, siny) (Note SVI, Supporting Informa-
tion). Here y is the angle between the magnetization di-
rection and the in-plane axis % ([110]), and h is the ef-
fective parallel field associated to the in-plane magnetic ex-
change €. The energy band dispersion assumes the form E, =

nk?/2m* + \/azkf’ cos?(3¢) + 12k2, where tan(¢) = k,/k., k=
(k. + € siny /A)* + (k, — € cosy/A)*, m* is the effective mass,
A is the Rashba-SOC strength, and a is the warping param-
eter (Note SII, Supporting Information). In the presence of
the internal in-plane magnetic exchange, a magnetic gap A =
2a(e/4)’sin (3y) opens up because the warping term couples the
in-plane magnetization to the out-of-plane spin (Figure 4a,c), ex-
cept for w = 2zn/6, i.e., along [110] (Note SVI and Figure S9,
Supporting Information). The Dirac-like point is then shifted
from the center of Brillouin zone to the k* = 2 X hH /A position,
where 2 is the unit vector along the [111] direction, leading to a
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Figure 3. MC data as function of the temperature at Vg =-35,-10, 0, and 5 V shown as a) color map and b) bare MC versus B data. c) Fit parameters a;
(i =0,1) using Equation (1). The fits show that a; goes to zero above 7-8 K, i.e., at a temperature similar to the FM Tc. The error-bars are evaluated
by fitting the data in different field-ranges and by estimating the corresponding confidence intervals of each parameter (see Figure S8, Supporting
Information and Statistical Methods).

non-trivial Berry curvature (Figure 4b) and a hot-spot at the
avoided crossing between the two Rashba-SOC spin-split bands
ref. [16].

In order to confirm the overall picture provided by the mini-
mal model, we performed calculations also using the full Hamil-
tonian tight binding approach, which better reproduces the
snowflake shape of the Fermi surfaces. As shown in Figure 4(c,d),
the full Hamiltonian tight binding calculations confirm the emer-
gence of a non-trivial Berry curvature and give an even stronger
evidence of a hot-spot at the avoided crossing between the two
Rashba-SOC spin-split bands (related spin textures shown in

k0@

Figure S7b-d, Supporting Information). It is worth noting that
the additional Zeeman splitting in the perpendicular magnetic
field might enforce the magnetic gap due to progressive align-
ment of the magnetic moments. However, the Zeeman field
alone appears insufficient to explain the MC anomaly, as it was
never observed in the (001) LAO/ETO/STO 2DES. Thus, we con-
clude that hexagonal warping in (111) heterostructures is crucial
to describe our results.

The evolution with the gate-voltage of the anomalous MC-
data in the (111) LAO/ETO/STO 2DES can be, then, directly re-
lated to the tuning of the chemical potential: a maximum of the

b Q@) c d Q (@)
+ 100 "
3
£50 -
-
0.10 w 0.10
'S 0,05 :
g o) (w % 093
£-0.05 - 0 £ 003 B
-0.10 02 01 0 01 02 "~ 010
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K08 -
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Figure 4. a) Energy bands in the presence of a planar exchange field with the direction along [172]. Lowest Rashba-spin split energy bands and b) Berry
curvature at Ex = 60 meV of a spin-split band analytically evaluated from the minimal model described in the main text. The calculations show the
emergence of a hot-spot, i.e., a non-trivial Berry phase, near the Dirac-like point. Tight-binding Hamiltonian calculations, beyond the minimal model, of
c) the electronic bands along [110] and of d) the non-trivial Berry curvature. The avoided crossing of the bands and the opening of a magnetic gap are
magnified in the insets of panels (a,c).
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peak-shoulder feature associated to the competing WL and WAL
terms is attained when the chemical potential approaches the hot-
spot, while departing from it drives the gradual reduction. Thus,
the MC is strongly affected by the back-scattering of the Dirac-
like fermions, experiencing a non-trivial Berry phase along self-
crossing loops. This behavior, already established in gapped 3D-
TIs,[*%1 was rarely found in other 2DESs, since it requires the
simultaneous presence of a large Rashba-like SOC, a sizable gap
A due to TRS-breaking, and very low chemical potential.l*]

3. Conclusion

Our work establishes a method to create oxide 2DES character-
ized by transport properties mimicking those of systems hosting
Dirac fermions, as in gapped 3D-T1s. The simultaneous presence
of Rashba-SOC, magnetic correlations, and the hexagonal sym-
metry of the system with enhanced trigonal crystal field split-
ting, allows the tuning of the 2DES chemical potential near a
Dirac-like point generated by the spin-split lowest energy bands.
This triggers a Berry-curvature hot-spot and topological charges
in the 2DES without the need of external planar magnetic field,
which on the other hand is needed in the case of non-magnetic
2DES, e.g., in (111) LAO/STO and LaTiO,/STO.'6] Similar
approaches can be envisaged in the case of other novel inter-
faces, including 2D-atomic non-magnetic/magnetic bi-layers and
other oxide 2DES, alike KTaO; (111) based-2DES,332] opening a
vast space for exploration at the intersection between topology
and correlations of interest for spin-orbitronics**** and topolog-
ical electronics.

4. Experimental Section

Sample Growth:  Epitaxial LAO/ETO heterostructures were deposited
on Ti-terminated STO(111) single crystals using pulsed laser deposition
(PLD) assisted by reflection high energy electron diffraction (RHEED)[™!
at 720 °C and in a background oxygen pressure of 7.5 x 107> mbar. A KrF
excimer laser with 248 nm wavelength and 1 Hz repetition was focused on
sintered Eu,Ti, O; target and on a crystalline LAO target at a fluence of 1.3
Jem™2. The sequential deposition of ETO (3 uc) and LAO (14 uc) films on
Ti-terminated (111) STO single crystal was monitored by the oscillations
of the specular RHEED intensity (Figure STa, Supporting Information).
The 300 um x 100 wm Hall bars were realized by a combination of opti-
cal lithography and cold ion milling, following the procedure described in
ref. [18].

Magneto-Transport Measurements: Magneto-transport measurements
were performed in a He* flow cryostat using standard lock-in amplifiers
(f=10 Hz and jgys = 100 nA). The longitudinal and transverse voltages
were measured simultaneously. The magnetic field was swept in the & 12
T range. Data as function of the back-gate were acquired in a +30V to 120
V range. The leakage current across the (111) STO gate-oxide was below
1 nA. The sheet resistance saturates above +30 V. MC and Hall effect data
were also acquired at different temperatures in the 1.8-15 K range.

XMCD and SQUID Magnetization Measurements: Eu-M, s edge XAS
spectra were acquired at the Extreme beamline of the PSI-SLS and at
the ID32 ESRF synchrotron facilities using the total electron yield (TEY)
method (see ref. [19]). The magnetic-field-dependent magnetization loops
were obtained by measuring, at each field, the difference between the TEY
intensities at the Ms-Eu edge peaks obtained with two different helicities
(combination of polarization and field direction), and normalized to the
background acquired at an energy below the absorption edge. SQUID data
were collected by using a Quantum Design MPMS3 magnetometer at the
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Université de Strasbourg, IPCMS. The data were corrected for the STO
diamagnetism subtracting the high field linear contribution.

Statistical Methods: The standard symmetrization procedure was
used to remove any (minor) contribution of the transverse resistance to
the longitudinal magnetoresistance. The MC data in Figures 2 and 3 have
been fitted using Equation (1) by least squares fit. The error-bars for the
fitting parameters correspond to the confidence intervals for the mean pre-
dictions of each parameter.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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