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Control of spin relaxation is an important prerequisite for the successful implementation of spintronic devices
in a materials system. We realized two directly coupled two-dimensional (2D) electron gases (2DEG-2DEG)
in a LaAlO3 -SrTiO3 heterostructure system and observed a modification of the spin relaxation mechanism
by varying the coupling strength. A strong enhancement of the carrier density for separation distances below
a critical thickness of 6 unit cells was revealed. Electric-field-dependent analysis demonstrated tuning from
positive to negative magnetoresistance for large separation distances of 10 unit cells indicating Rashba-type
spin-orbit coupling, while for small separation distances of only 1 unit cell the magnetoresistance always
remained positive. Analysis of the spin-orbit relaxation time and elastic scattering time revealed a modification
of the spin relaxation mechanism between Elliott-Yafet and D’yakonov-Perel’ for separation distances of 1 and
10 unit cells, respectively. The tunable spin relaxation fits very well with the presence (or absence) of structural
inversion symmetry in our coupled 2DEGs system for different separation distances.
DOI: 10.1103/PhysRevB.96.075310

I. INTRODUCTION

The realization of well-defined quantum wells in layered
semiconductor structures has enabled confinement of electrons (and holes) in adjacent two-dimensional (2D) planes.
At small separation distances, Coulomb interactions affect
interlayer coherence between the charge carriers, leading to
new exotic phases, e.g., Bose-Einstein condensates of bilayer
excitons [1–4], bilayer fractional quantum Hall states [5], and
superfluidity [6].
Quantum-confined electron systems have also been realized
in highly ordered epitaxial multilayer systems of correlated
oxide materials. An interesting example is the LaAlO3
(LAO)-SrTiO3 (STO) heterostructure system where a twodimensional electron gas forms at the interface between the
two band insulators [7]. This materials system has attracted
interest for spintronics applications as it features intrinsic
ferromagnetism [8–11] as well as gate-tunable spin-orbit
interaction [12–16] and spin polarization [17]. Gate-controlled
spin injection [18] and spin-to-charge conversion [19,20]
have also been demonstrated. An important stepping stone
for the successful implementation of spintronics devices is
control over the spin relaxation in the material. In this
study, we demonstrate a modification between Elliott-Yafet
and D’yakonov-Perel’ spin-orbit scattering for strongly and
weakly coupled LAO/STO 2DEGs, respectively.
Two types of interfaces exist in the LAO/STO materials
system, one where LAO grown on TiO2 -terminated STO was
found to exhibit n-type conductivity, whereas the equivalent
p-type structure, with LAO grown on SrO-terminated STO,
remained insulating [7]. Previous studies have also reported
the growth and characterization of coupled conducting interfaces in multilayer LAO/STO heterostructures [21,22],
where the addition of an extra STO capping layer changes
the situation dramatically, preventing structural and chemical
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reconstructions at the LAO surface, and results in metallic
behavior below the conventional threshold of 3–4 unit cells
[23], even down to a single LAO unit cell layer.
An interesting consequence is the occurrence of a twodimensional hole gas (2DHG) at the STO surface formed
by the oxygen 2p states from which electrons have been
transferred to the two-dimensional electron gas (2DEG) at
the STO-LAO interface underneath. This implies a parallel
configuration of a two-dimensional electron conductor and a
two-dimensional hole conductor, at a distance of only about
2 perovskite unit cells, which is less than 1.0 nm. Such
situation is reminiscent of coupled 2DEG-2DHG systems
in semiconductor heterostructures where typical separation
distances of several tens of nanometers are present [24].
Evidence for the occurrence of parallel conducting 2D
sheets (2DEG and 2DHG) in LAO/STO heterostructures
was provided by magnetotransport studies and ultraviolet
photoelectron spectroscopy, [22] which demonstrated the
presence of electrons as well as holes on a macroscopic level.
Subsequent local characterization of the electronic structure of
those closely coupled 2DEG and 2DHG interfaces by scanning
tunneling microscopy/spectroscopy experiments revealed the
individual interface (2DEG) and surface (2DHG) conducting
sheets and their temperature-dependent coupling [25]. For the
symmetrically related structure, exhibiting two parallel 2D
electron gases (2DEG-2DEG), topological superconductivity
was predicted for coupled LAO/STO interface systems [26].
A system of closely spaced 2DEG bilayers was studied in
LAO/STO superlattices indicating spin-orbit interaction [27].
However, the 2DHG interface, which was still present between
the two 2DEG interfaces, was not taken into consideration and
very similar transport behavior was observed independent of
separation distances.
Here, we report on the growth and electrical characterization of two truly coupled 2D electron gases (2DEG-2DEG)
in a LAO/STO heterostructure system, revealing a strong
enhancement of carrier density for separation distances below
a critical thickness of 6 unit cells. The observed electrical
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behavior is dramatically different from the previously reported
coupled oxide 2DEG-2DHG system. Furthermore, electricfield-dependent analysis demonstrates tuning from positive
to negative magnetoresistance for large separation distances
of 10 unit cells indicating Rashba-type spin-orbit coupling,
while for small separation distances of only 1 unit cell the
magnetoresistance remains always positive. Analysis of the
spin-orbit relaxation time and elastic scattering time reveals
a modification of the spin relaxation mechanism between
Elliott-Yafet and D’yakonov-Perel’ for separation distances of
1 and 10 unit cells (uc), respectively. This fits very well with
the presence (or absence) of structural inversion symmetry in
our coupled 2DEGs system for different separation distances.
II. RESULTS AND DISCUSSION

Pulsed laser deposition (PLD) was used to fabricate two
different types of LAO/STO heterostructures in which two
coupled interfaces are located at a specific separation distance;
see Fig. 1. Heterostructures with two 2D electron gases contain
two n-type LaO/TiO2 interfaces, while heterostructures with
one 2D electron gas and another 2D hole gas contain a
n-type LaO/TiO2 interface together with a p-type AlO2 /SrO

FIG. 1. Interface engineering in LAO/STO heterostructures leading to coupled (a) nn interfaces and (b) np interfaces, which exhibit
different temperature-dependent transport properties (c) for interface
separation distances below 10 unit cells.

interface. The LAO/STO heterostructures were grown from
single-crystalline LaAlO3 , LaTiO3 , and SrTiO3 targets by
pulsed laser deposition using a KrF excimer laser operating
at 248 nm, while laser fluence and repetition rate were
1.3 J/cm2 and 1 Hz, respectively. To study the influence of
oxygen vacancies both series of nn and np interfaces were
grown at high and low oxygen pressures of 1 × 10−3 and
3 × 10−5 mbar, respectively, while maintaining a temperature
of 850 ◦ C. All heterostructures were grown on STO(001)
substrates, which were chemically treated and annealed to
form a TiO2 -terminated surface [28]. The bottom n-type
LaO/TiO2 interface is equal in all heterostructures and is
created by depositing a LAO layer on the TiO2 -terminated STO
substrate. Due to the epitaxial growth of these two materials,
the perovskite atomic stacking is maintained, resulting in a
sharp LaO/TiO2 interface. To form a heterostructure with also
a n-type interface at the top, the AlO2 -terminated surface of
the LAO layer is covered with a monolayer of LaTiO3 (LTO)
followed by a 20-unit-cell-thick STO layer [see Fig. 1(a)],
both to protect the top interface from surface reconstruction
and to fully develop the STO band structure. On the other
hand, to form a heterostructure with a p-type interface at the
top, the AlO2 -terminated surface of the LAO layer is covered
with a thick STO layer; see Fig. 1(b). Data of the latter type of
heterostructure have been taken from previous reports [21,22],
which were also fabricated by us in the same PLD system.
Reflective high-energy electron diffraction (RHEED) during
growth indicated layer-by-layer growth for all heterostructures
and was used to enable unit-cell-controlled growth.
Both x-ray diffraction (XRD) analysis as well as RHEED
confirm the epitaxial growth of all heterostructures through
reciprocal space mapping (not shown) by indicating that all
heterostructures are fully strained in plane to the STO cubic
structure. The coherent growth of all heterostructures is further
demonstrated by the observation of a reduced c-axis parameter
of 3.73 Å for each LAO layer, which is in good agreement
with previous reports [29]. The low level of surface roughness
was confirmed by atomic force microscopy (AFM) analysis
of the surfaces of the LAO/STO heterostructures, indicating
smooth terraces separated by clear, single-unit-cell height steps
similar to the surface of the initial TiO2 -terminated STO (001)
substrates.
The transport properties of the LAO/STO heterostructures
with nn or np interfaces exhibit identical temperature dependence for interface separation distances of 10 unit cells (uc);
see Fig. 1(c). For smaller separation distances both types of
heterostructures maintain metallic behavior, although it can be
clearly observed that the changes in temperature dependence
show opposite trends for both systems. In contrast to the
resistance increase in 1-uc-separated np interfaces, the nn
interfaces with 1-uc separation exhibit a reduction of the
resistance. The corresponding carrier density at room temperature depends strongly indeed on the interface separation
and shows remarkable differences between the two types
of heterostructures with coupled nn or np interfaces; see
Fig. 2(a). Previous studies have demonstrated a decrease in
carrier densities for coupled np interfaces when the separation
distance is below ∼6 unit cells [21,22]. Remarkably, coupled
nn interfaces show an opposite increase in carrier density for
small separation distances.
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FIG. 2. Separation-distance-dependent transport properties.
(a) Carrier density of LAO/STO heterostructures with nn and
np interfaces at 300 K as a function of the interface separation
distance. Heterostructures grown at high and low oxygen pressures,
of, respectively, 1 × 10−3 and 3 × 10−5 mbar, are shown together
with guides to the eye. (b) Schematic representations of the carrier
distribution at the interfaces for nn and np interfaces for large and
small separation distances.

The observed differences in carrier densities for various
LAO layer thicknesses in heterostructures with nn and np
interfaces can be described qualitatively. We assume that
2DEGs of mobile electrons form at the bottom LaO/TiO2
interfaces in all our heterostructures; see Fig. 2(b). For samples
with LAO layers thicker than 6 uc no coupling occurs between
the bottom 2DEG and the top LAO/STO interface, resulting in
an independent top interface where electrons are generated
in the case of a LaO/TiO2 top interface (nn interfaces)
or hole carriers (i.e., oxygen vacancies) in the case of a
AlO2 /SrO top interface (np interfaces). At 300 K, top interface
carriers are assumed to have very low mobilities, due to
a reduced crystallinity in deposited STO as compared to a
STO single-crystal substrate. Therefore, those carriers do not
contribute significantly to the Hall signal in the magnetic field
range of our measurements. Hence, we only detect mobile
carriers at the bottom interfaces with a constant carrier density
of ∼1.5 × 1014 cm−2 for all LAO thicknesses above 6 uc;
see Fig. 2(a). However, when the LAO layer thicknesses
are reduced below 6 uc coupling occurs between the top
and bottom interfaces in both systems. This will result in
a reduction of the mobile electrons for np interfaces as the
oxygen vacancies at the top interface will eliminate some
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electrons at the bottom interface when they are brought into
close proximity of each other. Interestingly, for ultrathin
LAO layers between nn interfaces the number of mobile
electrons is enhanced as the electrons from the top interface
apparently are now able to transfer to the high-mobility bottom
interface.
Furthermore, the coupled np interfaces exhibited clear
separation distance dependence for low and high oxygen
growth pressures, while this effect was only present for coupled
nn interfaces grown at high oxygen pressures and absent
for low oxygen growth pressures. A possible explanation for
these observations is the fact that oxygen vacancies are more
easily formed at lower oxygen pressures. In the case of np
interfaces, presumably oxygen vacancies are already formed at
the AlO2 /SrO top interface by the generated holes. Therefore,
a lower oxygen growth pressure has a negligible effect and
the exhibited LAO thickness dependence is equal for both
oxygen pressure regimes. However, in the case of nn interfaces
the LaO/TiO2 top interface is expected to be more sensitive
to the formation of oxygen vacancies during growth of a
SrTiO3 layer, as compared to extracting oxygen atoms from an
already existing crystal structure within the SrTiO3 substrate
at the LaO/TiO2 bottom interface. An enormous amount of
oxygen vacancies can be extracted from the SrTiO3 substrate
when a single LAO/STO interface is grown at 10−6 mbar,
but does not occur at higher growth pressures [8] as used
in the present study. The formation of oxygen vacancies
at the LaO/TiO2 top interface could change the details of
the conduction bands and/or the generation of electrons. We
observe a constant carrier density independent of the LAO
layer thickness suggesting the presence of mobile electrons
only at the bottom interface.
To reveal the nature of the interfacial charge conduction,
we have investigated the temperature-dependent transport
properties, in particular, the magnetic field (B) dependence
of the sheet resistance RS (B) and Hall resistance RH (B). It
was found that RH (B) depends linearly on B above ∼100 K
for both systems indicating the presence of a single type
of charge carrier. At lower temperatures, the coupled np
interfaces [21] as well as the low-pressure nn-interfaces
exhibit a linear RH (B) dependence down to 2 K indicating
preservation of a single-band behavior over the complete
temperature range. However, the high-pressure nn interfaces
clearly show a nonlinearity in the RH (B) dependence below
∼100 K suggesting multiband behavior, similar to previous
studies on other types of LAO/STO heterostructures [30,31].
A nonlinear Hall effect can arise from conduction involving different electronic bands and/or spatially separated parallel conducting channels. When only two contributions to conduction are taken into account, RH (B)
can be written as RH (B) = [(μ21 n1 + μ22 n2 ) + (μ1 μ2 B)2 (n1 +
n2 )]/e(μ1 |n1 | + μ2 |n2 |)2 + (μ1 μ2 B)2 (n1 + n2 )2 ]. By taking
the sheet resistance as a constraint RS (0) = 1/e(n1 μ1 + n2 μ2 )
all RH (B) data have been fitted in the temperature range from
2 to 100 K. The results of the temperature-dependent fitting
parameters are shown in Fig. 3 and indicate a large difference
in both the density and the mobility of the majority (n1 , μ1 )
and minority (n2 , μ2 ) carriers.
The reduction in majority charge carriers for lower temperatures is observed in both nn and np systems [Figs. 3(a)
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FIG. 3. Temperature-dependent transport properties of nn interfaces (closed symbols) and np interfaces (open symbols) indicating the
carrier density (a,b) and carrier mobility (c,d) of the majority (circles) and minority (squares) carriers for separation distances of 1 uc (red) and
10 uc (black). Inset shows a schematic of the distribution of high–density, low-mobility (HDLM) carriers at the interface as well as low–density,
high-mobility (LDHM) carriers away from the interface in the STO substrate for small and large separation distances.

and 3(b)] and indicates the presence of thermally activated
carriers with activation energies of ∼6 meV, reminiscent
of local defects [21,32]. The measured carrier density of
∼2.5 × 1013 cm−2 at 2 K for np interfaces is equal to the
majority carrier density n1 for nn interfaces with large
separation distances of 10 uc, suggesting a similar charge
conduction of the mobile electrons at the bottom interface.
When the separation distance is reduced to 1 uc, carrier
density n1 is increasing over the full temperature range,
and carrier density values of ∼1.5 × 1014 cm−2 are measured
at 2 K. However, the corresponding mobility μ1 of the
majority carriers is significantly reduced in closely spaced
nn interfaces with values of ∼500 and ∼150 cm2 V−1 s−1 ,
for 10- and 1-uc distances, respectively, as compared to
∼1000 and ∼600 cm2 V−1 s−1 for np interfaces [see Figs. 3(c)
and 3(d)]. Interestingly, the generated minority carriers n2 for
nn interfaces exhibit much larger mobilities μ2 with values
of ∼5500 and ∼1500 cm2 V−1 s−1 for separation distances of
10 and 1 uc, respectively. A strong temperature dependence
of the minority carrier density is observed to be saturating at
low temperatures, which is in good agreement with previous
observations in LaTiO3 /SrTiO3 superlattices [33].

The characteristic width of the carrier distribution at the
interfaces depends on the strength of the potential screening,
i.e., the dielectric permittivity ε. In contrast to the temperature
independent ε of ∼25 for LAO bulk crystals [34], STO exhibits
an increase in permittivity by two orders of magnitude when
the temperature is lowered, ε of ∼5000 at 2 K [35]. With the
enhanced ε at low temperatures, the screening of the electric
field from the interfacial carriers becomes more effective and
the width of the carrier distribution at the bottom interface is
broadened; see inset in Fig. 3(c). This creates high-density,
low-mobility (HDLM) carriers at the bottom interface as well
as low-density, high-mobility (LDHM) carriers away from the
bottom interface in the STO substrate. The increase in the
minority carrier density is indeed similar to the temperature
dependence of ε in bulk STO [35]. A similar, permittivitydriven redistribution of carriers was demonstrated in bilayers
[36] and superlattices [33].
To elucidate the relationship between the transport properties of mobile carriers and their spatial distribution in coupled
nn interfaces, we carried out magnetotransport measurements
with an applied back-gate voltage VG . The electric field was
applied through a back-side contact across the 0.5-mm-thick
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FIG. 4. Magnetic-field-dependent sheet resistance RS (top) and Hall resistance RH (bottom) as a function of gate voltage (VG ) at 100 mK
for nn interfaces with separation distances of 1 uc (a) and 10 uc (b). VG was varied in steps of 20 V between −200 and 200 V. Solid lines are
fitted curves using the two-channel model. Inset shows a schematic of the experimental setup.

STO substrate; see inset in Fig. 4(a). The measurements were
performed at 100 mK, down to which no superconductivity
was observed. The sheet resistance (top) and Hall resistance
(bottom) as a function of magnetic field are shown in Figs. 4(a)
and 4(b) for nn interfaces with separation distances of,
respectively, 1 and 10 uc. The gate voltage was varied in
steps of 20 V between −200 and 200 V. For large positive
VG both samples become more conductive, while negative
VG correspond to a more resistive state. Furthermore, RH (B)
exhibits a linear dependence on magnetic field for negative
VG , whereas a strong nonlinearity is observed for positive VG
biasing. The crossover from linear to nonlinear behavior of
RH (B) with increasing VG resembles the behavior for reduced
temperatures (Fig. 3). The two-channel model was also applied
to fit the RH (B) behavior at different VG and good agreement is
found between the experimental data and the solid fitted lines

in the bottom figures of Figs. 4(a) and 4(b) for nn interfaces
with separation distances of 1 and 10 uc, respectively.
The gate voltage dependence of the transport properties
for nn interfaces extracted from the fits is presented in Fig. 5,
where the strong dependence of sheet resistance on VG for both
samples is shown in Fig. 5(a). The density n1 of the majority
carriers does not depend much on VG below 120 V, although
for higher VG a reduction is clearly observed [Fig. 5(b)].
Such decrease is incompatible with a model requiring a fixed
electronic band structure, as raising the Fermi energy should
always increase the number of available conduction states up
to the point where the band is full. Top-gated experiments
on a single LAO/STO interface suggested a redistribution of
carriers from the dxy band to the dyz,xz bands [37], which
indicates that the effective band structure is not fixed, but
evolves with gate voltage. Back-side-gated experiments on
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FIG. 5. Gate voltage (VG )-dependent sheet resistance RS (a), carrier density (b), and carrier mobility (d) at 100 mK of the of the majority
(closed symbols) and minority (open symbols) carriers for nn interfaces with separation distances of 1 uc (circles) and 10 uc (squares).
(c) Schematics of the effects of an external electric field on the carrier distribution.

LaTiO3 /SrTiO3 superlattices demonstrated also a decrease
of the total carrier density for increasing bias voltages [33],
in good agreement with observations for our nn interfaces.
This suggests that changes in the effective band structure with
gate voltage also results in variations between mobile and
localized charge carriers, where the latter do not contribute to
the transport measurements. In contrast, the minority carriers
n2 exhibit much stronger dependencies on VG as n2 increases
by two orders of magnitude for high positive VG . On the
other hand, for negative VG the minority carriers n2 become
negligible for both samples, very similar to observations for
LaTiO3 /SrTiO3 superlattices [33]. The origin of this behavior
was understood by taking into account two factors. First, the
dielectric permittivity ε of STO is known to decrease in an

external electric field and, therefore, reverses the increase
in ε at low temperatures noted above, thus eliminating the
minority carriers n2 for negative VG . For positive VG this
effect is offset by a second factor, which is the flattening of
the potential profile toward the gate electrode, as illustrated
in Fig. 5(c). The shallower potential profile shifts mobile
carriers away from scattering centers at the interface, thereby
enhancing the density of the minority carriers with high
mobility (LDHM) and reducing the density of the majority
carriers with low mobility (HDLM); see Fig. 5(b). However,
in the recent study on a single 2DEG at the LAO/STO interface
electron-electron correlations had to be considered to explain
the gate voltage dependence of the majority and minority
carriers [37]. Furthermore, in our coupled nn interfaces the
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FIG. 6. Magnetic field dependence of normalized sheet resistance [RS (B)–RS (0)]/RS (0) as a function of gate voltage (VG ) at 100 mK for
nn interfaces with separation distances of 1 uc (a,c) and 10 uc (b,d).

mobility of both minority and majority carriers is enhanced
significantly for large positive VG [Fig. 5(d)].
These results clearly demonstrate the presence of twochannel transport in nn interfaces with separation distances
of 1 uc as well as 10 uc, which could be caused by conduction
involving different electronic bands and/or spatially separated
parallel conducting channels. The importance of the spatial
separation of such coupled bilayer electron system was
studied by the electric-field-dependent magnetoresistance. The
normalized sheet resistance [RS (B)–RS (0)]/RS (0) exhibits a
strong positive magnetoresistance for large positive VG , which
is very similar for nn interfaces with separation distances of
1 uc as well as 10 uc; see Figs. 6(a) and 6(b). In contrast,
for negative VG the observed magnetoresistance is minimal
in both samples; see Figs. 6(c) and 6(d). For nn interfaces
with larger separation distances of 10 uc an additional
negative magnetoresistance contribution is observed when VG
is lowered from 0 down to −200 V. Such tuning from positive
to negative magnetoresistance by varying the gate voltage is
a clear signature of Rashba-type spin-orbit coupling, as previously demonstrated for single-2DEG LAO/STO interfaces

[12,38]. This similarity agrees very well with our previous
experimental observations of similar transport behavior for nn
and np interfaces with large separation distances [as shown in
Fig. 1(c)] indicating the dominating contribution of the single
bottom n interface. The tunability of the Rashba spin-orbit
interaction, arising from the breaking of structural inversion
symmetry, is substantial; however, no superconductivity was
determined down to 15 mK base temperature, in strong contrast
to such experiments on single-2DEG LAO/STO interfaces
[12,16] and theoretical predictions on bilayer-2DEG-2DEG
systems [26].
Interestingly, for nn interfaces with a small separation
distance of only 1 uc the magnetoresistance remains positive
with negligible changes when VG is lowered from 0 down
to −200 V. Such oxide heterostructures with a very thin
LaO-AlO2 -LaO layer in between two SrTiO3 layers exhibit
a symmetric interface region, considering the spatial extent
of the well, which is very different from LaAlO3 -SrTiO3
interfaces with thick (∼10 uc) LaAlO3 layers with clear
separation between the 2DEGs. The inversion symmetry
of the electron distribution has a dramatic effect on the
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spin precession in a 2DEG confined at an interface. The
accumulation of electrons at a 2DEG interface generates a
strong local electric field perpendicular to the conduction plane
of the electrons, which translates into a magnetic field in their
rest frame. The coupling of the electrons to this field can give
rise to a Rashba spin-orbit coupling, whose strength is directly
proportional to the interfacial electric field. A more symmetric
charge distribution in the sample with 1 uc separation, then,
leads to a different spin-orbit strength compared to the case
of widely separated interfaces. The well separation thus also
tunes the spin-orbit scattering. To reveal this mechanism, we
manipulate the interfacial electric fields by an external gate
voltage.
The reduction of the spin coherence by the spin-orbit
coupling is characterized by the spin relaxation mechanism.
The spin-orbit relaxation time τso is an essential ingredient
to describe transport in a 2DEG in the presence of a strong
electric field. The two most widely applied mechanisms of spin
relaxation are Elliott-Yafet (EY) and D’yakonov-Perel’ (DP),
which have their roots in metal and semiconductor spintronics.
Both mechanisms rely on spin-orbit coupling and momentum
scattering, but their effect is opposite to each other. The EY
mechanism explains the spin relaxation by spin flips during
scattering for systems exhibiting space inversion symmetry.
In the presence of spin-orbit coupling Bloch states are an
admixture of the spin-up and spin-down states, as interaction
of the lattice ions with the conduction electrons, by phonon
scattering or spin-conserving impurity, can induce a spin flip.
In the case of the EY mechanism a direct proportionality
between the spin-orbit relaxation time and the elastic scattering
time is predicted, τso ∼ τel . For the DP mechanism the spins
precess between the scattering events. In the absence of space
inversion symmetry, the spin-orbit coupling is manifested
as a spin-orbit field, e.g., Rashba-type, along which the
electron spin precesses. As the electron scatters, the orientation
and/or value of the effective magnetic field changes and the
electron spin precesses in the randomly spin-orbit field. In
the case of the DP mechanism an inverse proportionality
exists between the spin-orbit relaxation time and the elastic
scattering time, τso ∼ τel−1 . Interestingly, previous studies have
reported the interplay between these two mechanisms [39]
and demonstrated the unification of both mechanisms within
a single theoretical framework [40].
The influence of the spin-orbit interaction, and the corresponding dominant spin-relaxation mechanism, can be
assessed by measuring the magnetoconductivity σ (B) =
σ (B)–s(0) for different gate voltages. The experimental data
were fitted with the Maekawa-Fukuyama formula valid in the
diffusive regime that describes the change in the conductivity
with magnetic field with negligible Zeeman splitting [41],
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where  is the digamma function, σ0 = e2 /π h and the
parameters Bel , Bin , Bso are the effective fields related to the
elastic, inelastic, and spin-orbit relaxation times, respectively.
To account for the magnetoconductance at large positive gate
voltages, a B 2 term was added with a Kohler coefficient
Ak which increases quadratically with the mobility and is
indicative of the increasing contribution of a second band
of charge carriers to the system [Fig. 5(b)]. Good agreement
was obtained between the Maekawa-Fukuyama theory and our
experimental data, as shown in Fig. 7.
The evolution of the fitting parameters as a function of the
gate voltage is given in Figs. 7(a) and 7(b) for nn interfaces
with separation distances of 1 and 10 uc, respectively. Bin
exhibits only minor variation over the whole range of gate
voltages, and the values for Bin at 100 mK are in good
agreement with the temperature dependence Bin ∼ T observed
for a single 2DEG at the LAO/STO interface in a previous
study for the temperature range 3–10 K [15], indicating that
the inelastic scattering is dominated by the electron-electron
interactions [42].
The strongest contribution of all three field components
Bso , Bel , Bin was determined when a gate voltage of −200 V
was applied to the system with nn interfaces at a separation
distance of 10 uc; see Figs. 7(b) and 7(d). This maximum
value of Bel was used in combination with the 2D transport
relation Bel = h̄/4eDel τel = e/2μ2 h̄2 k 2 to derive the elastic
field contributions for all gate voltages for nn interfaces with
separation distances of 1 and 10 uc by taking into account
the mobility values μ1 for the majority carriers; see Fig. 5(d).
Although the carrier densities n1 were rather constant over a
large gate voltage range, the different values for nn interfaces
with separation distances of 1 and 10 uc, respectively, 18.4 ×
1013 cm−2 and 6.6 × 1013 cm−2√
[see Fig. 5(c)] were taken into
account when calculating k (= 2π n1 ) for both systems. For
gate voltages of −80 V both systems exhibited equal carrier
mobilities μ1 [Fig. 5(d)]; therefore, the factor of 3 difference
in carrier density n1 resulted for this specific gate voltage
in a factor of 3 enhancement of Bel for nn interfaces with
separation distances of 10 uc as compared to a system with
separation distances of 1 uc. Interestingly, the spin-orbit field
Bso contribution is very similar for both systems with nn
interfaces at separation distances of 1 or 10 uc. For large
negative gate voltages Bso is increasing, in strong contrast
to the opposite observation for single-2DEG systems [12,15].
However, for all studies an increasing Bso coincides with an
increasing carrier density, although n1 variation is very small
(∼8%) in our case for negative VG . The Kohler coefficient
Ak remained very small for negative VG , where a single-band
system with only majority carriers n1 was present; see Fig. 5(c).
The additional minority carriers n2 created a two-band system
in which a dramatic Ak contribution to the fitting was required
for large, positive gate voltages.
To study the spin relaxation mechanism in our coupled
nn-interface systems, the spin-orbit relaxation time τso and the
elastic scattering time τel were determined by the expressions
τso = h̄/4DeBso and τel = h̄/4DeBel , where D (=0.5vf2 τel )
is the diffusion coefficient for 2D transport and vf is the
Fermi velocity. To determine vf (=h̄k/m∗ ) an effective mass
m∗ = 3me was used (me is the bare electron mass), taking
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FIG. 7. Analysis of magnetoconductivity at 100 mK for nn interfaces with separation distances of 1 uc (a,c) and 10 uc (b,d). (a,b) Evolution
of the fitting parameters Bso , Bel , Bin , and Ak as a function of gate voltage (VG ). (c,d) Best fits according to the Maekawa-Fukuyama theory of
the variation of conductance σ , normalized with respect to e2 /π h, for different gate voltages.

an average for contributions of the light and heavy bands
[43]. Furthermore, the different carrier density values for nn
interfaces with separation distances of 1 and 10 uc were taken
into account when calculating k for both systems. This results
in the following expressions:

m∗2 1
m∗2 1 1
τel =
and
τ
=
.
(2)
so
2eh̄k 2 Bel
2eh̄k 2 τel Bso
The gate voltage dependence of the spin-orbit relaxation
time (τso ) and the elastic scattering time (τel ) at 100 mK for

nn interfaces with separation distances of 1 and 10 uc are
shown in Fig. 8(a). The variation in τel is very similar for both
systems with a rather constant value of ∼0.4 ps for negative
gate voltages. However, the spin-orbit relaxation time (τso )
displays a very different trend for both systems. Although nn
interfaces with a separation distance of 1 uc exhibit τso values
very close to τel , nn interfaces with a separation distance of
10 uc give the opposite, increasing trend for negative voltages
up to ∼1.5 ps ps for −200 V. When the τso vs τel is plotted,
see Fig. 8(b), it is clear that results of the nn interfaces with
a separation distance of 10 uc show consistency with the

FIG. 8. Analysis of spin relaxation mechanism. (a) Gate voltage dependence of spin-orbit relaxation time (τso ) and elastic scattering time
(τel ) at 100 mK. (b) τso vs τel showing consistency with Elliott-Yafet (EY) and D’yakonov-Perel’ (DP) mechanisms for nn interfaces with
separation distances of, respectively, 1 and 10 uc.
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D’yakonov-Perel’ (DP) mechanism, in good agreement with
previous studies on single 2DEGs [12,15]. Interestingly, the
results of the nn interfaces with a separation distances of 1 uc
display a clear linear relation indicating the presence of the
Elliott-Yafet (EY) mechanism.

III. CONCLUSION

In conclusion, the modification of the spin-orbit relaxation
mechanism fits very well with our hypothesis of the absence (or
presence) of structural inversion symmetry in our nn interfaces
system for different separation distances. Our experimental
observations, indicating the dominating contribution of the
single bottom n interface when the separation distance between
the two 2DEGs is large (∼10 uc), confirm that no coupling
exists with the top interface, leading to equal transport
properties for such nn or np interface system. Therefore, the
2DEG is confined at the interface between SrTiO3 and LaAlO3 ,
which results in breaking of the structural inversion symmetry
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