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The observed magnetoresistance (MR) in three-terminal (3T) ferromagnet-nonmagnet (FM-NM) tunnel
junctions has historically been assigned to ensemble dephasing (Hanle effect) of a spin accumulation, thus
offering a powerful approach for characterizing the spin lifetime of candidate materials for spintronics
applications. However, due to crucial discrepancies of the extracted spin parameters with known materials
properties, this interpretation has come under intense scrutiny. By employing epitaxial artificial dipoles as
the tunnel barrier in oxide heterostructures, the band alignments between the FM and NM channels can be
controllably engineered, providing an experimental platform for testing the predictions of the various spin
accumulation models. Using this approach, we have been able to definitively rule out spin accumulation as
the origin of the 3T MR. Instead, we assign the origin of the magnetoresistance to spin-dependent hopping
through defect states in the barrier, a fundamental phenomenon seen across diverse systems. A theoretical
framework is developed that can account for the signal amplitude, linewidth, and anisotropy.
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I. INTRODUCTION

Three-terminal magnetoresistance (3T MR) in ferromag-
net-nonmagnet (FM-NM) tunnel junctions has developed
into an important phase-sensitive characterization tool for
the rapid identification of materials that can transport spin
information over long distances, a crucial feature for
spintronic devices [1–5]. In principle, spin injection from
a FM electrode and detection of the resulting spin accu-
mulation in a NM semiconductor can be achieved using a
single FM electrode in a FM-I-NM structure [1,5], as first
demonstrated in n-GaAs [6]. This spin accumulation in the
NM material generates a small spin-dependent voltage
across the junction, which can be removed by Hanle
dephasing under an applied magnetic field, producing
junction MR with a Lorentzian line shape. Since the
observation of such signals at room temperature in Si-

based junctions [1], many groups have observed unexpect-
edly large Lorentzian MR in FM-I-NM heterojunctions,
seemingly independent of many known materials param-
eters and spin-dephasing behavior, generating much debate
over the origin of the observed phenomena [5,7–12]. As an
example, long spin-coherence times have been inferred in
p-type semiconductors despite the known rapid dephasing
in the valence band [13].
Given these inconsistencies, it has been proposed that the

MR might arise from spin accumulation in interfacial
localized states (ILS), which could possibly generate the
enhanced signals observed in experiments [2,14]. In this
scenario, a spin splitting of the electrochemical potential of
a system of localized states near the interface can generate
spin accumulation, if this splitting persists in the limit of
weak coupling of these states to the electrode and each
other. Without viable alternatives, this scenario has often
been accepted at face value to explain the observation of
Lorentzian MR observed across many different materials
systems. However, there are few experiments which can
definitively support or refute a Hanle interpretation (in
either the semiconductor or in ILS) [8], leaving the origin of
the magnetoresistance in question and reducing its potential
for identifying new spin-transport materials.
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The development of epitaxial complex oxide hetero-
structures enables the integration of various functional
materials [15] offering a promising approach for realizing
spintronics devices where oxide properties, such as sponta-
neous polarizations controllable by strain or applied volt-
ages, can manipulate the electron spin degree of freedom.
Combining such dramatic effects with SrTiO3, a semi-
conductor with high mobilities [16,17] and potentially long
spin lifetimes [18], could lead to novel spintronic devices.
To date, the primary experimental evidence for spin
injection into SrTiO3 is through the 3T approach, inter-
preted in terms of spin accumulation in ILS [3,4] (or the
SrTiO3 itself [19]), similar to Si and GaAs [2,5,13]. The
epitaxial LaAlO3=SrTiO3ð001Þ heterostructure is one sys-
tem with tunable interface properties, arising from the
stacking of AlO−

2 and LaOþ charged layers. A consequence
of this internal electric field is manifest in Schottky contacts
to Nb-doped SrTiO3, where the insertion of an interfacial
dipole via LaAlO3 (LAO) atomic layers sharply reduces the
Schottky barrier height, yielding effectively Ohmic behav-
ior at room temperature [20]. Such control over the
charge-transport regimes across the interface offers an experi-
mental platform to test the spin accumulation models.
Here, we examine charge and spin transport across

Co=LaAlO3=Nb∶SrTiO3 heterojunctions in the 3T geom-
etry, where epitaxial layers of thewide-gap insulator LaAlO3

provide an interfacial dipole. Insertion of two unit cells (u.c.)
ofLaAlO3 decreases the contact resistance (RC) over 3 orders
of magnitude, a signature of the internal electric field in the
LaAlO3 barrier. We observe Lorentzian MR only for finite
barrier thickness (1 < tLAO < 4 u:c:), demonstrating a clear
dependence on the presence of the oxide tunnel barrier and
eliminating the possibility that the signals arise due to spin
accumulation in either the semiconductor or in ILS. Further,
through magnetic-field-dependent inelastic electron tunnel-
ing spectroscopy (IETS) measurements, we are able to
determine that spin-dependent transport through defect states
in the LaAlO3 barrier is responsible for the junctionMR.We
present a general hopping mechanism that can explain the
magnetoresistance amplitude, linewidth, and anisotropy, all
within a single analytic framework.

II. SAMPLE FABRICATION

We fabricate the structure shown in Fig. 1(a), consisting of
cobalt on top of 200 nm 0.05 wt % Nb∶SrTiO3 with
0–5 u.c. epitaxial LaAlO3 interfacial barriers, forming an
FM-I-NM heterostructure. These heterostructures are syn-
thesized by a combination of pulsed laser deposition and
e-beam deposition. Single-crystal SrTiO3ð001Þ substrates are
preannealed in 1 × 10−5 Torr of molecular oxygen at 900 °C
for 30 min. Next, 200 nm of 0.05 wt % Nb∶SrTiO3 is
deposited by pulsed laser deposition (KrF, λ ¼ 248 nm) at
1080 °C under ultrahigh-vacuum conditions with a base
pressure of P ¼ 2 × 10−9 Torr and a laser fluence of

0.43 J=cm2. This promotes a step-flow growth mode and
minimizes Sr vacancy formation [17]. The films are post-
annealed in O2 at 900 °C at P ¼ 1 × 10−2 Torr for 30 min.
Typically, these films exhibit carrier densities near
1.6 × 1019 cm−3, indicating full Nb activation, and Hall
mobilities exceeding 1000 cm2=Vs at cryogenic temper-
atures. LaAlO3 is deposited at 650 °C (P ¼ 1 × 10−6 Torr
O2) with a fluence of 0.45 J=cm2, and the thickness is
monitored by intensity oscillations in the reflection high-
energy electron diffraction pattern. Before removing from the
vacuum chamber, the heterostructure is postannealed to refill
oxygen vacancies at 400 °C (P ¼ 360 Torr O2) for 40 min.
The resulting LaAlO3 surface morphology is atomically flat
with terraces separatedby several hundrednanometers, arising
from the small miscut angle as typical for SrTiO3ð001Þ step-
and-terrace substrates. The complex oxide structure is trans-
ferred ex situ to ametal evaporator. Prior to cobalt deposition at
room temperature, the oxide heterostructures are annealed at
500 °C (P ¼ 1 × 10−5 Torr O2) for 30 min [21]. The cobalt
electrodes are patterned using an in situ shadow mask.
Contacts to the cobalt pads are made by Ag painting with
Auwire, andOhmic contacts to theNb∶SrTiO3 film aremade
by ultrasonic wire bonding with Al wire.

III. EXPERIMENTAL RESULTS

A. Junction magnetoresistance in the 3T geometry

Co=LaAlO3=Nb∶SrTiO3=SrTiO3ð001Þ heterojunctions
are characterized using the measurement setup shown in
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FIG. 1. Charge and spin transport across Co=LaAlO3=
Nb∶SrTiO3 heterojunctions with interface dipole layers. (a) Sche-
matic diagram for stacking of 1 u.c. LaAlO3ð001Þ inserted between
Co and Nb∶SrTiO3ð001Þ. (b) Schematic diagram of the measure-
ment configuration. (c) IC vs VC for different tLAO. (d) Typical
junction dc magnetoresistance (tLAO ¼ 2 u:c:, IC ¼ 2.8 mA) as a
function of B⊥ (black) and B∥ (blue). Dashed lines indicate the
Lorentzian component, while solid lines show the best fit including
the background. (e) Bias dependence of the total Lorentzian MR
amplitude (ΔVC ¼ ΔV⊥

C − ΔV∥
C) for tLAO ¼ 2 u:c:
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Fig. 1(b). All junctions exhibit nonlinear current-voltage
(I − V) characteristics as shown in Fig. 1(c). A clear
transition from high resistance to high transmission is
observed when tLAO is tuned from 0 to 2 u.c. To
probe the spin-dependent contribution to the junction
transport, we apply fixed current (IC) and measure the
heterojunction voltage (VC) for out-of-plane and in-
plane applied magnetic fields. A characteristic data set
for a high transmission structure (tLAO ¼ 2 u:c:) is shown
in Fig. 1(d). The data are fit with the equation
VCðBÞ ¼ ΔV⊥;∥

C =½1þ ðB=ΔBÞ2� þ fðBÞ, where B is the
magnitude of the applied field, ΔV⊥;∥

C is the anisotropic
Lorentzian amplitude [positive for out-of-plane (B⊥) and
negative for in-plane (B∥) fields], and fðBÞ is the back-
ground magnetoresistance. We use quadratic fðBÞ ∝ B2 for
B⊥ and linear fðBÞ ∝ jBj for B∥. At higher fields
(B > 2 T), both field orientations exhibit linear depend-
ence, up to measured fields of 10 T. From the anisotropic
contributions, we obtain the total Lorentzian MR
ΔVC ¼ ΔV⊥

C − ΔV∥
C. We note that for standard Hanle

dephasing, an in-plane signal is not expected [5,22,23].
ΔVC is plotted as a function of the bias voltage in Fig. 1(e),
which shows a clear turn-on around VC ¼ 0.2 V and
then increases approximately linearly. Although ΔVC

is small relative to VC (ΔVC=VC ≈ 5 × 10−4), it far ex-
ceeds the expected signal generated from a true spin
accumulation in the semiconductor [2,24]. For instance,
the measured “spin-RA” ¼ ΔVCA=IC ¼ 1 × 104 Ωμm2 ≫
intrinsic “spin-RA” ¼ ρNb∶STOλ

2
sf=tNb∶STO ≈ 6 Ωμm2,

where A is the junction area, ρNb∶STO is the Nb∶SrTiO3

resistivity at T ¼ 10 K, and we assume a spin diffusion
length λsf ¼ 1 μm. The linewidth (ΔB) is independent of
applied bias with an average of 112� 4 mT. In a 3T Hanle
picture, this would correspond to a spin-dephasing time of
τs ¼ ℏ=ðgμBΔBÞ ≈ 50 ps, where g ¼ 2 is the electron g
factor, μB is the Bohr magneton, and ℏ is the reduced
Planck constant.
Next, we discuss the effect of the interface dipole, varied

as a function of tLAO, on the junction transport. Figure 2(a)
(top panel, left axis) displays the zero-bias contact resis-
tance-area product (RCA), exhibiting a minimum at tLAO ¼
2 u:c: The dramatic decrease in RCA arises from the
shifting of band alignments between the Co and
Nb∶SrTiO3 by the LaAlO3 interface dipole [20]. From
tLAO ¼ 0 to 2 u.c., there is a transition from the Schottky
limit to nearly Ohmic behavior, limited by a small tunnel-
ing contribution at tLAO ¼ 2 u:c: Beyond 2 u.c., the
depletion width is suppressed [20], but the contact resis-
tance increases due to tunneling through the thicker barrier.
The spin-dependent contribution (ΔVC) is also plotted for
different tLAO in Fig. 2(a) (top panel, right axis) for the
same bias window (VC ¼ 0.4 V). We note that no signal is
observed without the presence of an oxide barrier, con-
sistent with previous reports [3,4,9,25]; ΔVC turns on for

tLAO > 0 but subsequently decreases when tLAO > 3 u:c:
The corresponding linewidths, in the range of 50–120 mT,
are shown in the bottom panel of Fig. 2(a). The anti-
correlation between charge and spin transport indicates that
the barrier itself is critical to observation of spin-dependent
behavior. Further, a decrease of the Schottky barrier height
is expected to equilibrate any spin accumulations in the
semiconductor and ILS, causing a reduction in ΔVC
[14,21]. We observe the opposite trend, which precludes
spin accumulation in interfacial localized states as the
origin.

B. Spin-dependent tunneling spectroscopy

The 3T geometry purposely isolates the junction in order
to measure small changes in the junction voltage that might
arise due to spin accumulation. However, since the current
flows through the same junction, the measurement is
inherently susceptible to inelastic contributions to the
tunneling current. One way to parse out the different
contributions is to examine them directly through IETS,
which can be sensitive to defects, vibrational modes, spin
waves, and trap states [26,27]. We perform magnetic-field-
dependent IETS, in which an acþ dc voltage is applied and
the dc, first, and second harmonics of the current and
voltage response are measured to obtain d2i=dv2 [21]. If
the Lorentzian MR arises from modulation of transport
through the tunnel barrier, either by resonant or inelastic
events, then it should be evident in the field-modulated
IETS response [28]. Figure 3(a) shows d2i=dv2 as a
function of magnetic field for tLAO ¼ 2 and 3 u.c., where
the Lorentzian MR is evident, with similar line shapes,
widths, and B⊥ vs B∥ anisotropy compared with the
observed dc response [see Fig. 1(d)], demonstrating that
they have the same underlying origin. The sign inversion is
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FIG. 2. Tuning charge and spin transport via artificial dipoles.
(a) Top panel: Comparison of the junction zero-bias contact
resistance-area product (RCA) (left axis, red circles) with ΔVC
(right axis, blue squares) measured at VC ¼ 0.4 V as a function
of tLAO. Bottom panel: Linewidths of the Lorentzian MR. (b),(c)
Interface energy band diagrams illustrating the decrease of the
Schottky barrier height and depletion width by the insertion of an
interface dipole in the form of a single unit cell of LaAlO3ð001Þ.
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expected because d2i=dv2 is a measured current response
under fixed applied voltage, while ΔVC is a voltage
response under fixed IC. The total Lorentzian contribution
to the IETS MR (Δd2i=dv2) is extracted similar to the dc
fitting procedure in Fig. 1(d) and is only a small change
relative to the field-independent background ðΔd2i=dv2Þ=
ðd2i=dv2Þ ≤ 1 × 10−3. Because of the noise levels and
small signals, we are unable to detect the junction MR in
the second harmonic for tLAO ¼ 1 and 4 u.c.
The spin-dependent transport observed in IETS depends

strongly on the bias voltage as well as tLAO. This is
demonstrated in the top panel of Fig. 3(b), which plots
jΔd2i=dv2j as a function of the dc bias VC. For tLAO ¼ 2
and 3 u.c., there is a gradual turn-on in the magnetic-field-
modulated response of d2i=dv2 at low bias, followed by a
maximum in jΔd2i=dv2j, and a subsequent decrease at
higher bias. The bias dependence can be described by a
Gaussian distribution jΔd2i=dv2j ∝ e−ðE−E0Þ2=ΔE2

, with
E0 ¼ 305 meV, ΔE ¼ 120 meV and E0 ¼ 555 meV,
ΔE ¼ 200 meV, for tLAO ¼ 2 and 3 u.c., respectively.
Such a distribution is further evidence that the origin
involves transport through defect states in the barrier, as
opposed to spin-dependent changes in the band structure
[21]. The relatively broad energy dependence, which could
involve either coherent or incoherent tunneling processes,
accounts for the dc dependence of ΔVC through a double
integration. The linewidth [Fig. 3(b), bottom panel] does
not vary across the spectrum but does correspond identi-
cally with the dc linewidths in Fig. 2(a) (bottom panel).
Lastly, we note a clear shift in E0 from 2 to 3 u.c. LaAlO3,
stemming from the spontaneous electric field in the barrier

and demonstrating interfacial polarization control over
spin-dependent transport in oxide heterostructures.

IV. SPIN-DEPENDENT HOPPING MODEL

These experiments rule out spin accumulation as the
origin of the junction MR. Alternatively, a spin-blockade
mechanism involving resonant tunneling through defect
states has been recently proposed [12,29]. Very broadly,
spin-dependent hopping is a general phenomenon involv-
ing transport across localized states and does not apply
solely to these structures [30–35]. A single impurity can
cause a spin blockade if it is located in between FM and
NM electrodes as shown in Fig. 4(a) for the case of
Co=LaAlO3=Nb∶SrTiO3. Hopping via the defect is
restricted if the electrons have antiparallel spin alignment
relative to the FM or if the defect state is already occupied.
However, if the state is acted on by either an external field
(B) or by local fields (BL), then the defect spin can evolve
with time, enforcing or removing the blocking effect
depending on the amplitude of B relative to BL and the
angle (θ) between the total field (BT ¼ Bþ BL) and the
FM magnetization (M) (fixed in plane for B < 2 T).
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In the steady state, the rate equation for the evolution of
the defect-state population (p) is

_p ¼ −
1

2
ð1þ PdPFÞγFpþ γNð1 − pÞ ¼ 0; ð1Þ

where PF is the Fermi-level spin polarization of the FM,
and γF and γN are the rates of tunneling between the defect
state and the FM or NM, respectively. We consider only the
extraction regime here (the current is running from NM to
FM). Hopping from NM to the defect site occurs with rate
γN while hopping from the defect to FM occurs at the rate
1
2
ð1þ PdPFÞγF. The prefactor involving the spin polari-

zation of the defect state (Pd) and FM Fermi-level density
of states (PF) describes the probability for the defect spin to
be parallel to the FM magnetization. In the ideal case of a
half-metal (PF ¼ 1), only parallel defect spins are permit-
ted to travel to the FM. Antiparallel spins are effectively
blocked by the Fermi-level spin polarization of the FM,
which serves as a spin analyzer, causing the defect sites to
develop a net spin polarization −PF. However, the presence
of a magnetic field rotates these blockaded spins. When the
defect is quickly refilled after a spin vacates it, the time-
averaged defect polarization is

Pd ¼ −γF
Z

∞

0

PFðcosωTtsin2θ þ cos2θÞe−γFtdt

¼ −PF
γ2F þ ω2

Tcos
2θ

γ2F þ ω2
T

¼ −PFχðBTÞ; ð2Þ

where ωT is the magnitude of the total magnetic field in
units of frequency and θ is the angle that the total field
makes with the FM magnetization.
After taking into account the field-sensitive polarization

of the defect spin, Eq. (1) reads

_p ¼ −
1

2
½1 − P2

FχðBTÞ�γFpþ γNð1 − pÞ ¼ 0: ð3Þ

The tunneling current in the steady state is i ¼
hðe=2Þ½1 − P2

FχðBTÞ�γFpi, which yields the spin-
dependent hopping current:

i ¼
�

e½1 − P2
FχðBTÞ�γFγN

½1 − P2
FχðBTÞ�γF þ 2γN

�
: ð4Þ

Here, we average over an isotropic Gaussian distribution
for the local field, which is denoted by the angular brackets.
The final result of Eq. (4) from our general formulation
agrees with the calculation of resonant tunneling current by
Ref. [12] as expected for tunneling through a single level
[36]. The anisotropy between parallel and transverse field
orientations is a key prediction of the hopping model: B∥

inhibits the ability of the local field to change the spin
orientation, and thereby the current is reduced, while B⊥

precesses the defect spin, unblocking the transport channel.
This is a general formulation that does not rely on the
underlying tunneling process (i.e., resonant, inelastic, or
sequential hopping).
Within this framework, the signal linewidth, amplitude,

and anisotropy arise naturally. Figure 4(b) shows the
calculated field-modulated hopping iðBÞ=ið0Þ, which
reproduces the experimental data [21]. Considering
Eq. (2), we can say that the transport is in the slow hopping
regime (ωL > γF, where ωL is the precession due to BL).
BL, which determines the Lorentzian linewidth, can arise
from exchange, hyperfine, and spin-orbit interactions.
Experimentally, ΔB is similar to estimated hyperfine fields
of 27Al and 139La nuclear moments of approximately 100–
200 mT [3], but spin-orbit fields and anisotropic g factors
should also be considered [37,38]. Figure 4(c) plots the
predicted anisotropy between Δi∥ and Δi⊥ as a function of
γF. In the slow hopping regime (γF < ωL), the model
predicts that the amplitude of the in-plane MR should
exceed the out-of-plane signal, consistent with these and
other experimental observations [1,5,9,22]. As can be seen
from the limiting case γF ≪ ωL, an anisotropy ratio

Δi∥

Δi⊥
≈ 1 −

1

hcos2θLi
¼ −2 ð5Þ

is expected, which agrees well with the measured
anisotropy ratio for 2 u.c. LaAlO3 shown in Fig. 4(d)
(note that ΔV∥

C=ΔV⊥
C ¼ Δi∥=Δi⊥). The negative sign

comes from the opposite responses of the current in the
parallel and perpendicular field configurations. Finally,
considering defect hopping in parallel with direct tunnel-
ing, we can estimate an areal and energy density of defect
statesD ≈ 3 × 109 eV−1 cm−2 [21]. Thus, the measurement
can probe relatively low defect densities and is sensitive to
the evolution of a single spin state involved in the junction
transport.

V. CONCLUSION

In summary, we have examined the problem of the
junction MR in SrTiO3-based heterojunctions by taking
advantage of the built-in electric field in atomically thin
layers of LaAlO3. Control over band alignments through
artificial interfacial dipoles is a highly effective method for
reducing the Schottky barrier and provides an experimental
route for manipulating charge and spin transport across the
heterostructure. We have demonstrated that the Lorentzian
MR observed in Co=LaAlO3=Nb∶SrTiO3 tunnel junctions
is inconsistent with Hanle dephasing of spin accumulation
in either the semiconductor or in ILS. Instead, spin-
dependent hopping through defect states successfully
accounts for the observed behavior. This phenomenon,
which involves only a single defect state in the transport
process, is highly sensitive to low defect densities and
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presents a new spin-sensitive approach for examining local
magnetic fields in solid-state heterostructures.
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