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We report results of electrical spin injection at the high-mobility quasi-two-dimensional electron

system (2-DES) that forms at the LaAlO3=SrTiO3 interface. In a nonlocal, three-terminal measurement

geometry, we analyze the voltage variation associated with the precession of the injected spin accumu-

lation driven by perpendicular or transverse magnetic fields (Hanle and inverted Hanle effect). The

influence of bias and back-gate voltages reveals that the spin accumulation signal is amplified by resonant

tunneling through localized states in the LaAlO3 strongly coupled to the 2-DES by tunneling transfer.

DOI: 10.1103/PhysRevLett.108.186802 PACS numbers: 73.20.�r, 72.25.Hg, 73.40.�c, 85.75.�d

The LaAlO3=SrTiO3 (LAO/STO) system is the subject

of intense research [1–3] due notably to its two-

dimensional highly conductive character. Among other

remarkable properties, LAO/STO shows superconductivity

[4], giant gate tunability in the normal [5] or superconducting

state [6,7] and a large modulation of Rashba spin-orbit

interactions [8,9] imposed by the strong electric field at the

interface [10]. Besides their potential for electronics [11,12],

the high electronic mobility and two-dimensional character

make this 2-DES an interesting platform to explore lateral

spin transport in oxide heterostructures. Spintronics with

oxide systems could take advantage of the variety of func-

tional materials existing in this family, including ferroelec-

trics or multiferroics. The integration of such materials is

readily achievable because epitaxial growth of oxide hetero-

structures is well controlled today, paving the way towards

novel multifunctional spintronics architectures.

In a spin injection device, polarized electrons are tradi-

tionally injected from a ferromagnetic (FM) electrode into

a channel by passing a current from the FM into the

channel (here the 2-DES) through a tunnel contact. The

induced imbalance of spin population at the channel side,

called spin accumulation, creates a finite additional voltage

at the FM/2-DES contact. The contribution of this spin-

accumulation-generated voltage to the total voltage

measured between the top Co electrode and an Ohmic

reference contact (far from the injection region) may be

revealed in a three-point measurement scheme [Fig. 1(a)]

by measuring the electrical Hanle effect. Conventionally,

the Hanle effect is observed by applying an external mag-

netic field perpendicular to the FM injector’s magnetiza-

tion, in order to drive an incoherent precession of the

injected electronic spins, which suppresses spin accumu-

lation. This leads to a negative magnetoresistance, that is a

drop of resistance vs magnetic field, with a typical

Lorentzian shape, at least for localized electrons.

Inversely, the possible existence of a local random

magnetic field within the 2-DES or at the proximity of

FM/2-DES contact, and responsible for a partial spin

depolarization at zero external field, can be probed by

applying the magnetic field parallel to the FM magnetiza-

tion [Fig. 1(a)] [13]. As the applied magnetic field in-

creases, the spin depolarization due to the random field is

progressively suppressed, which restores the maximum

spin accumulation. This leads to positive magnetoresis-

tance or inverted Hanle effect with a width characteristic

of the amplitude of the random field.

In this Letter, we report an important step towards

prospective oxide-based spin injection devices. Namely,

we demonstrate efficient electrical spin injection at the

LAO/STO oxide interface via Hanle measurements, in

the vein of what was recently demonstrated in devices

based on conventional semiconductors [13–21]. Here, we

also get further insights in the process of spin injection

using a back-gate-voltage that modulates the density of

states at the interface with the 2-DES. By means of com-

bined Hanle and inverted Hanle measurements [Fig. 1(a)],

we demonstrate the creation of a spin accumulation close

to the LAO/STO interface. The total Hanle signal, of very

large amplitude compared to our theoretical estimate, is
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FIG. 1 (color online). (a) Sketch of the devices for 3-T Hanle

measurements with the magnetic field applied perpendicular or

parallel to the sample plane. A gate voltage Vg can be applied

between the back of the STO crystal and the LAO/STO 2-DES.

‘‘a-LAO’’ stands for amorphous LaAlO3, ‘‘�’’ for Ohmic con-

tact, and the 2-DES is shown in green. M is the in-plane Co

electrode magnetization. (b) Typical I vs. V characteristics of a

Co=LaAlO3=SrTiO3 (L ¼ 100 �m, W ¼ 300 �m) sized junc-

tion measured at 12 K.
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interpreted as the result of a resonant spin injection process

into discrete electronic states strongly coupled to the

2-DES by tunneling transfer.

Samples were prepared by pulsed laser deposition

(PLD) by first growing a pattern of amorphous LAO

film [22] at room temperature on a (001)-oriented

TiO2-terminated STO substrate and then growing a four

to five unit cell thick LAO film at high temperature

[1,5,23]. An in situ post-annealing is realized at more

than 500 �C in �0:5 bar of O2 for 30 to 60 minutes in

order to reduce as much as possible the concentration of

oxygen vacancies [23,24]. After deposition of the LAO

film, a 15 nm thick Co ferromagnetic top electrode was

deposited at room temperature by sputtering and then

capped in situ with gold. The LAO film being a band

insulator with a 5.6 eV band gap, it plays the role of the

tunnel barrier required for an efficient spin injection [25]

from the Co to the 2-DES in STO. The resulting device is

illustrated in the Fig. 1(a) after the lithographic process.

From an electrical point of view, I-V data acquired at low

temperature [Fig. 1(b)] display a clear tunneling behavior

characterized by a strong asymmetry between positive and

negative bias (positive bias means that electrons are in-

jected from the 2-DES into Co). Such an asymmetry is

likely imposed by the difference of materials work function

(as also found in Ref. [26] for Pt=LAO=STO and

Au=LAO=STO) and probably reflects the strong trapezoi-

dal shape of the LAO barrier in these junctions.

We now focus on electrical spin injection measurements.

We collected standard 3-terminal magnetoresistance (MR)

data on Co=LAO=STO junctions with a typical area

A ¼ LW ¼ 100� 300 �m2 [see Fig. 1(a)] by applying

an out-of-plane magnetic field H? normal to the Co in-

plane magnetization [14,15]. Results at 2 K are presented

in Fig. 2(b). After subtraction of a parabolic background, a

negative MR with a quasi-Lorentzian shape is observed,

corresponding to the normal Hanle effect. The amplitude

of this Hanle signal is �RH?A ¼ 60 M� ��m2, which,

using a base junction resistance area product (RA) of

80 G� ��m2, corresponds to an MR ¼ �RH?A=RA of

0.07%. The increase of resistance above about 0.3 T is at

least partly related to the rotation of the Co electrode

magnetization M out-of-plane (that would be complete

for �0H? > 1:8 T).
As visible on Fig. 2(a) the junction resistance strongly

increases with decreasing temperature, signaling thermally

activated tunneling conduction through electronic local-

ized states (ELS). Figure 2(c) displays Hanle effect curves

at temperatures between 2 and 150 K. The Hanle signal

remains about constant between 2 and 40 K where the RA
vs temperature dependence [Fig. 2(a)] reaches a plateau. In

contrast, no Hanle signal is obtained at higher temperature

or at reversed bias. This is likely due to multistep (more

than two) tunneling processes, since electrons that are

thermally excited can access more states in the barrier.

We infer that the relevant ELS energy levels involved in

the transport are located close to the Fermi energy of the

2-DES as in the sketch of Fig. 3. Owing to the band

structure articulation at the LAO/STO interface [27] and

to the calculated position of the electronic level of intrinsic

defects in LAO [28,29], such ELS are likely played by

remaining oxygen vacancies or cation intermixing [30,31].

The observed Hanle data reflect a correlated drop (as H
is increased) of the spin splitting �� ¼ �" ��# and

voltage �V according to �V ¼ j���=ð2eÞj [32], with

�";# the respective electrochemical potential for majority

" and minority # spin channel, and � the tunneling spin

polarization at Co=LAO interface [33]. A primary analysis

would lead to a splitting of the chemical potential ��ðHÞ
of the simplest form ��ð0Þ=½1þ ð!L�sfÞ2�, where !L

stands for the Larmor frequency, and �sf the spin-relaxation
time extracted from the width of the Lorentzian [16]; this

would give �sf � 50 pswith ge ¼ 2. However, thewidth of
the Lorentzian may be extrinsically enlarged in the pres-

ence of alternative mechanisms of spin depolarization near

the interface, such as random magnetic fields due to stray

fields, hyperfine interactions, etc. [13].
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FIG. 2 (color online). (a) Temperature T dependence of the

junction RA product measured at I ¼ þ100, þ50 and �50 nA
in black; the colored symbols correspond to the RA value for

I ¼ þ20 nA as shown in (c) We used ? to indicate the obser-

vation of an Hanle effect and � if not. (b) RA product and

voltage change as a function of the perpendicular external

magnetic field H? (Hanle measurement). Lines correspond to

Lorentzian fits of the data with (solid line) or without (dashed

line) a parabolic background. (c) Hanle data acquired at different

temperatures for I ¼ þ20 nA except for 2 K and 150 K for

which I ¼ þ50 nA. The curves are vertically offset for the sake

of clarity. (d) MR with the magnetic field perpendicular or

parallel to the sample plane at 12 K for the same injected current

of I ¼ þ50 nA. The dashed lines correspond to Lorentzian fits

without the parabolic background.
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To get insight into these possible random fields, we

measured the inverted Hanle effect (dark blue points, Hjj
configuration), that is compared to the normal Hanle effect

(light blue points, H? configuration) in Fig. 2(d). Both

Hanle and inverted Hanle data can be fitted by a Lorentzian

plus the same parabolic background. Quantitatively, the

inverted Hanle signal is equal to �RHjjA ’ 0:24 G� �
�m2, and thus the total Hanle signal �RHA ¼ �RH?Aþ
�RHjjA ’ 0:3 G� ��m2, corresponding to aMR ¼ 0:4%.

Striking similarities with the signals obtained for

FM=AlO2=Si junctions [13] indicate a gradual restoration
of the spin accumulation to its maximum value for an in-

plane field of about 0.2 T. Then, the total amplitude of the

spin accumulation scales with �RHA. According to this

picture and in the limit of a long spin-lifetime, the voltage

variation equals �V ¼ j �
2
��=ejhcos2ð�Þi, where � is the

average angle between the spin direction and the local

magnetic field that is the sum of a random field Hr fluctu-

ating in space and the external fieldHext. Consequently the

amplitude of the inverted Hanle signal should be 2=3 of the
total signal if Hr were perfectly random. As in the case of

hybrid organic spin valves [34] or ZnO oxide quantum dots

[35], we believe that Hr may originate from the hyperfine

interactions [36,37] with Al3þ and La3þ nuclei bearing a

nuclear moment of IAl ¼ 5=2 for 27Al (with a 100% abun-

dance) and ILa ¼ 7=2 for 139La (with a 99.91% abundance)

[38] and associated to residual oxygen vacancies or inter-

mixing species in LAO. In this scenario, electrons are

likely subject to a random field Hr ¼ 2
3
�0gn�B@

~I �
~Sjc ð0Þj2 where gn is the nuclear gyromagnetic ratio

(gAln ¼ 1:4566, gLan ¼ 0:7952) and c ð0Þ is the weight of

their respective 3s- and 6s-type wave function at the

nuclei. Hr is estimated to be about 0.1–0.2 T for Al and

La taking into account the typical extension of their wave

function [39] in good agreement with the width of the

inverted Hanle MR curve.

Applying a gate voltage Vg at the back of the STO

substrate [see Fig. 1(a)] can give further information about

the phenomena at play. Besides modulating the carrier

concentration at the LAO/STO interface [5–7], Vg may

also strongly modify their confinement in the direction

perpendicular to the interface, as calculated in Ref. [7].

Figure 4 displays the effect of Vg across the 0.5 mm thick

STO substrate where a positive gate-voltage results in an

accumulation of electrons in the 2-DES accompanied by a

reduction of the sheet resistance Rh of the 2-DES (green

line on Fig. 4(d)], typically by 1 order of magnitude [5–9].

Quite surprisingly, Vg has an opposite effect upon �RHA

with respect to Rh [Fig. 4(b) and 4(d)]. This goes against

what one expects for the variation of the intrinsic 2-DES

spin resistance (Rs
ch) vs Vg that should follow the variation

of Rh in the linear regime of spin injection [40].

Moreover, the total Hanle signal�RHA is enhanced by 5

to 6 orders of magnitude compared to its expected value

Rs
ch ¼ Rh � ‘2sf , derived from the standard theory of spin

injection [25] and evaluated at ’ 200 � ��m2 for Rh ¼
0:2 k� and a spin-diffusion length of the order ‘sf ¼

ffiffiffiffiffiffiffiffiffiffi

D�sf
p � 1 �m (�sf � 1 ps), where D is the diffusion

constant in the channel. A probable scenario to explain

both the amplification of the spin signal and its singular

gate-voltage dependence is that of Ref. [14] that invokes a

FIG. 3 (color online). Sketch of the band structure and elec-

tronic localized states in the barrier for (a) negative and (b) positive

measurement bias on the FM electrode. The dashed line is the

Fermi level in STO, the grey area represents the filled states of

Co. (c) Illustration of our model inspired from Ref. [14] whereby

electrons transit via discrete states in which the spin is depolarized

by a field Hr. Physical parameters are defined in the text.

FIG. 4 (color online). (a) MR of the Co=LAO=STO structure

in H? and Hjj configurations for different gate voltage Vg at 2 K.

(b) Total Hanle signal �RHA (evaluated at 0.25 T) vs measure-

ment bias V applied across the Co=LAO=STO junction at differ-

ent Vg. Arrows indicate �Rmax
H A (c) Sketch of the 2-DES band

structure evolution vs Vg, illustrating the loss of carrier confine-

ment in the 2-DES (decrease of k?) as Vg increases. (d) Vg

dependence of the various resistances, showing the singular

increase of the total spin signal �Rmax
H A vs Vg, whereas the

sheet resistance of the channel Rh decreases as expected [5–9].
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spin injection process into resonant electronic localized

states (ELS). We apply it to spin injection into our LAO/

STO interfaces in the following.

The prerequisites for spin amplification are that these

ELS form a narrow band of reduced density-of-sates

(DOS) and enhanced spin-lifetime �ELSsf due to localization

effects [see Fig. 3(c)]. This leads to a spin accumulation

��ELS in the ELS of the form given in Ref. [14].

Neglecting the channel resistance compared to the tunnel

resistances, we have here

��ELS ’ e�J
Rs
ELS � rb

Rs
ELS þ rb

(1)

or, equivalently,

��ELS ’
�J

eN ELS
2�D

�ELSsf � �ELS!
�ELSsf þ �ELS!

; (2)

where J is the injected current density, Rs
ELS ¼

�ELSsf =ðe2N ELS
2�DÞ the spin-flip resistance of the ELS, and

rb ¼ �ELS! =ðe2N ELS
2�DÞ the coupling tunnel resistance be-

tween the ELS and the 2-DES. Here, N ELS
2�D is the two-

dimensional ELS-DOS and �ELS! is the characteristic

tunneling escape time from the ELS towards the 2-DES.

While Vg is not expected to influence the spin lifetime

on the localized states �ELSsf , it may strongly affect the

escape time of the electrons from the localized states to

the 2-DES �ELS! by changing the tunneling coupling be-

tween the two. This coupling is parameterized by the

characteristic elastic energy broadening �R � h
�ELS!

accord-

ing to [41]:

�R � 2k?�

ðk?Þ2 þ �2
½�i�

expð�2� � dÞ
� � d ; (3)

where �i is the localization energy, 1=� the characteristic

localization length of the ELS, k? the carrier wave-vector

in the 2-DES along the growth direction (confinement

axis), and d the tunneling distance. In the highly localized

limit (� � k?), �R / 2k?
d

expð�2� � dÞ, and �ELS! / 1=k?.
A smaller carrier confinement in the 2-DES by a positive

Vg (that enhances the 2-DES DOS and thus the sheet

conductance 1=Rh but reduces k?) then leads to an in-

crease of the escape time �ELS! , resulting in scaling up rb.
From Eq. (1),��ELS thus increases and so does�RHA. On
the contrary, a larger confinement in the 2-DES by a

negative Vg (that increases k?) corresponds to a smaller

escape time leading to a drop-off of �RHA. This is just

what we observe experimentally [see Fig. 4(b)].

Remarkably, the maximum �RHA varies by 1 order of

magnitude with Vg, which indicates that rb 	 Rs
ELS, i.e.,

�ELS! 	 �ELSsf . In other words, the spin lifetime is much

longer that the escape time, which indicates spin conser-

vation on the ELS and thus the creation of a finite spin

accumulation in the channel due to the tunnel coupling.

Finally, note that the maxima of the spin signal �RHA

shifts with the gate voltage [dashed line in Fig. 4(b)],

indicating a shift of the Fermi level in the 2-DES due to

a change of the confinement potential of the well in STO at

LAO/STO interface [see the sketch in Fig. 4(c)].

In conclusion, we have demonstrated the electrical spin

injection from a magnetic tunnel contact to the

LaAlO3=SrTiO3 interface system by measuring the Hanle

effect with the magnetic field applied perpendicular or

parallel to the sample plane. Our observation of strongly

enhanced Hanle signals is consistent with a two-step tun-

neling process via localized electronic states of small DOS

and enhanced spin lifetime in LaAlO3, possibly played by

oxygen vacancies and/or intermixing. The efficiency of

spin injection into the 2-DES at the LAO/STO interface

is discussed in terms of the coupling tunnel resistance

with these localized electronic states controlled by the

application of a backgate voltage. The observation of a

significant gate-dependence of the spin signal as dem-

onstrated here is due to a spin-lifetime on the localized

states much longer that the escape time, possibly reach-

ing values in the nanosecond range or beyond [42].

Importantly, this implies an efficient spin injection into

the 2-DES itself with a maximized spin accumulation

on the order of �Rs
chJ arising from spin-conserving

tunneling transfer between the ELS and the 2-DES.

Nevertheless, the spin signal in the 2-DES would not

exceed 100 pV for a typical spin lifetime �chsf ¼ 100 ps

and the current density (100 �A=cm2) used for these

tunnel junctions, which is hardly detectable by conven-

tional measurement techniques.

To eventually detect the direct injection of spin-

polarized carriers into the LAO/STO channel, either the

injection contact resistance must be significantly reduced,

replacing LAO by a lower bandgap material, or four-

contact nonlocal detection schemes must be implemented.

This will require distances between injector and detector

smaller than the characteristic spin-diffusion length, which

should be achievable with electron-beam lithography tech-

niques. Resorting to lightly doped STO films with higher

electron mobilities [43,44] may be another way to reduce

the constraints on channel dimensions.
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