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ABSTRACT

We demonstrate a spin diode consisting of a semiconductor-free nanoscale Fe/MgO-based double tunnel junction. The device exhibits a near
perfect spin-valve effect combined with a strong diode effect. The mechanism consistent with our data is resonant tunneling through discrete
states in the middle ferromagnetic layer sandwiched by tunnel barriers of different spin-dependent transparency. The observed magnetoresistance
is a record high >1000%, essentially making the structure an on/off spin switch. This, combined with the strong diode effect, ∼100, demonstrates
a new device principle, promising for memory and reprogrammable logic applications.

Discoveries of spin valves and magnetic tunnel junctions
have inspired numerous sensor and memory applications.1–5

Large magnetoresistance obtained in these devices motivates
the great current research effort on developing spin-based
diodes and transistors.6 Implementing these magnetic logic
elements in semiconductors is challenging, however, due to
such fundamental issues as efficient spin injection and
ferromagnetism at room temperature.7–10 Double tunnel
junctions (DTJs) having the two tunnel barriers of different
transparency are expected to exhibit highly asymmetric
conduction for different polarity bias, i.e., act as a current
rectifier or a diode.11 Such current rectification has been
observed in double tunnel junctions12,13 for the case of spin-
independent conductivity (i.e., vanishing magneto-resistance,
MR ≈ 0). Current rectification and MR have also been
observed for single asymmetric tunnel barriers14 however
with limited rectification ratios (RR ∼ 10). Effects of
resonant transmission have been recently demonstrated for
Fe/MgO/Fe/MgO/Fe symmetric-tunnel-barrier DTJs15 with
only weak current rectification (RR ∼ 1). We have recently
demonstrated a very strong diode effect (RR ∼ 104) in
asymmetric metal/oxide DTJs.16 In this report we demonstrate
a record high resonant tunneling MR (RTMR ≈ 4000%)
combined with a high RR (∼100) for an asymmetric
magnetic DTJ, making the device an efficient hybrid of a
spin switch and a diode. The material system we use in this

demonstration is MgO-based magnetic tunnel junctions,
where MR values 100–600% have been reported recently.17–20

F1/I1/F2/I2/N samples of structure Si/SiO/Fe(50 nm)/
MgO(3 nm)/Fe(1–2 nm)/MgO(2–3 nm)/Au(30 nm) were
deposited using dc magnetron sputtering at the base pressure
of 1.3 × 10-8 mbar. The argon pressure of 4.0 × 10-3 mbar
was used for deposition of the Fe layers. The magnesium
oxide was reactively sputtered by adding 4.0 × 10-4 mbar
of oxygen to the Ar sputter gas during the deposition of Mg.
The different thickness of the MgO layers is responsible for
the asymmetry in the transparency of the two tunnel barriers
sandwiching the middle Fe layer. The nanometer thin middle
Fe insulated by MgO from the outer electrodes is designed
to have the thickness comparable to the electron Fermi
wavelength in the material, resulting in the level spacing of
the order of 100 meV. The stacks were patterned into
nanopillars using a 150 nm ZEP520A positive resist. The
resist was spun on to the multilayer samples and hardened
by baking. A rectangular matrix of lines was drawn by
e-beam lithography in the resist, which was subsequently
developed to serve as a hard mask. This hard mask was then
transferred in to TJ stacks using Ar ion beam etching. The
nanopillar fabrication process was finalized by removing the
resist mask with oxygen plasma. The resulting structure is a
large array of DTJ vertical stacks, separated by trenches
etched through the top Au electrode, the top MgO barrier,
and the middle Fe electrode, down to the bottom MgO layer.
Since the etching rate of MgO is much lower than that of
metals, we could reliably stop the ion etch at the thicker
bottom MgO layer using proper etch rate calibrations. Thus,
the patterned stack is capped with Au, which acts as the top
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electrode of the DTJ and defines the lateral size of the
junction. The lateral and vertical profiles of the samples were
characterized using a scanning tunneling microscope (STM)
at room temperature, as shown in Figure 1a. More details
on the fabrication and STM characterization methods used
in this study can be found elsewhere.21 The thick Fe layer
acts as the common bottom electrode for the DTJ array as a
whole. The main advantage of this patterning process, with
the etch stopped at the bottom MgO barrier, is that it
minimizes shortcuts at the TJ perimeter due to possible
redeposition compared to the case where the whole stack is
patterned. By controlling the in-plane geometry of the
nanopillars, we control the shape anisotropy of the middle
Fe layer, which allows us to reliably separate the switching
fields of the magnetically softer continuous bottom Fe layer
and the magnetically harder patterned middle Fe layer.

The samples were measured using the point contact
technique22–24 directly in liquid helium (T ) 4.2 K). This
technique is based on mechanical micropositioning (rather
than STM-like piezo-positioning) and allows spectroscopic
transport measurements by establishing stable mechanical
contacts of typical size ∼10 nm, much smaller than the
nanopillar size. The resistance of such point contacts is
typically 1-10 Ω, negligible on the scale of the TJ resistance.
The advantage of using such a nanomechanical technique is
that possible damage to the sensitive regions of the DTJ from
fabrication of the top contact is avoided, and a large number
of stacks can be screened for a given sample in the same
cool down. The stability of the contacts that were subse-
quently analyzed for quantum transport was verified by

repeating the current–voltage and resistance-field sweeps
several times for a given contact/stack.

The direct evidence of a coherent DTJ behavior, with the
current flowing through discrete quantum well states in the
center Fe electrode, is the measured conductance for two
asymmetric DTJs, shown in Figure 2. The steps in current
versus bias voltage (not shown) and the associated peaks in
the differential conductance are spaced by 100–300 mV. The
spacing decreases approximately inversely with the thickness
of the middle Fe layer. This behavior is consistent with the
data and the resonant conduction model of ref 15, including
the broadening of the conduction peaks due to likely
clustering of very thin Fe layers (1 nm). We therefore
conclude that the observed conductance is due to resonant
electron transport through discrete states in the middle layer,
separated from the outer electrodes by two tunnel barriers.

Since the probability of tunneling decreases exponentially
with the thickness of the tunnel barrier, the two tunnel
barriers used (3 and 2 nm thick) in two of our DTJ samples
have substantially different transparency. In this case of
asymmetric barriers, theory predicts11 asymmetric conduction
for different polarity bias. We indeed observe pronounced
transport asymmetry, with the rectification ratio RR )

Figure 1. (a) STM image of an array of nanopillar junctions and
schematic of the point-contact measurement technique. (b) Illustra-
tion of a magnetic double tunnel junction with a resonant transmis-
sion state in the middle quantum well.

Figure 2. Differential conductance (dI/dV) as a function of bias
voltage (V) for typical DTJs in the quantum transport regime. The
numbers in the caption give the thickness of the individual layers
in nanometers.
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|I(+Vb)/I(-Vb)| of up to 100 at Vb < 100 mV, shown in
Figure 3a. This demonstrates a strong diode effect for a
magnetic double tunnel junction.

All four samples fabricated, three DTJ samples and one
single TJ control sample, showed a dependence of the
resistance on the applied magnetic field, which is a good
indication of the quality of the bottom MgO barrier and the
patterning processes as a whole. One of the DTJ samples
had a 2 nm thick Fe middle layer and symmetric, 3 nm thick
MgO tunnel barriers. No I-V asymmetry was observed for
this symmetric DTJ sample (RR ∼ 1, ∼10 contacts with
symmetric I-V values measured). On the other hand,
pronounced I-V asymmetry was observed for two asym-
metric DTJ samples having 1 and 2 nm thick middle Fe layer
(such as shown Figure 2). For these two samples, the tunnel
barrier thickness was 3 nm for the bottom MgO layer and 2
nm for the top MgO layer. Five contacts showed resonant
conductance peaks combined with I-V asymmetry. Four
contacts showed MR combined with resonant conductance.
Two contacts (2 nm thick middle Fe) showed an inverted
(negative) MR. One of the contacts (PC7: 50 Fe/3 MgO/2
Fe/2 MgO/20 Au) showed very pronounced resonant features

(Figure 2b), which greatly amplified the MR at low bias.
This contact was studied in detail in terms of the I-V and
MR beahvior (∼25 I-V sweeps and ∼20 R-H sweeps
performed over 2 days, before the contact was lost at high
bias). A representative set of these magneto-transport data
is discussed below, where the MR was obtained from R vs
H field sweeps.

The magnetoresistance at a positive bias of 40 mV shown
in Figure 3c exhibits the behavior typical of spin valves: the
conductance is high at high fields where the magnetizations
of the Fe layers are parallel, and low at intermediate fields
where the magnetizations are antiparallel. Interestingly,
reversing the bias direction results in an inverted magne-
toresistance, as shown in Figure 3b for Vb ) -50 mV. The
switching fields of ∼4 and ∼40 mT are the same as those
for the positive bias configuration. The lower switching field
corresponds to the reversal of the magnetization of the
unpatterned bottom Fe layer. The higher switching field
corresponds to the reversal of the magnetization in the middle
Fe electrode and is consistent in magnitude with the shape
anisotropy field due to the in-plane patterning (170 × 800
nm2 in this case). The fact that the switching of the middle
electrode is sharp is additional evidence that the thin Fe layer
is continuous, since nanogranular Fe would saturate in much
higher fields (∼1 T for spherical particles) over a much
broader field range (0-1 T). Thus, for negative bias, near
the first negative conductance resonance (see Figure 2b), the
conductivity is low at high fields where the magnetizations
are parallel and high at intermediate fields where the
magnetizations are antiparallel. The associated MR is nega-
tive and approaches 4000%, as shown in Figure 3b.

Our test samples with single tunnel barriers universally
show a positive MR as expected for spin valves.25,26 Thus,
the inverted MR is the signature of the magnetic DTJ, which
is in the quantum transport regime (see Figure 2). This
behavior can originate from the spin dependence of the
quantized energy states in the middle electrode.27 It has been
predicted that such discrete states can shift as a function of
the magnetic misalignment of the two ferromagnetic elec-
trodes.28–30 Our interpretation of the observed MR behavior
is as follows.

As shown in Figure 2, the conductance through the DTJ
exhibits multiple peaks as a function of voltage. This
behavior is expected for electron transmission through
discrete quantum well states (QWSs), with the current in
the general case given by

Jv)
e

2πp ∫
µ0

µ0+eV

dE∑
n

ΓLv
n ·ΓRv(V)

n

(En -E)2 + (ΓLv
n +ΓRv(V)

n )2
(1)

Here Jv is the spin-up current component, with the electrons
transmitted through QWSs of energy En and width Γn. The
widths of the resonant levels En are proportional to the
respective transmissivities, Γn ∼ TL,R, which for magnetic
tunnel junctions are spin dependent. The transmissivities are
in turn exponential functions of the respective tunnel barrier
thickness.31 V is the bias voltage applied to the DTJ, and µ0

is the chemical potential in the outer electrodes at zero bias.
Indeed, at sufficiently low temperature the resonant terms

Figure 3. (a) Asymmetric current–voltage characteristics of a double
tunnel junction in antiparallel magnetic state, exhibiting a strong
diode effect. Magnetoresistance for a negative bias of -50 mV (b)
and a positive bias of 40 mV (c). The inset to (a) shows a proposed
circuit symbol for the device.
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in eq 1 integrated over all available electron energies produce
steplike I-V characteristics and hence resonant peaks in the
differential conductance of the kind we observe experimen-
tally (Figure 2a,b).

To explain the observed magnetoresistance (Figure 3b,c),
it will be sufficient to consider the qualitative energy diagram
shown in Figure 4. Thus, Figure 4a depicts the antiparallel
configuration, with the electrons flowing rightward from Fe
to Au, and the bias voltage taken to match one of the QW
states. The electron transmission is resonant, resulting in a
high conductance in this case. Upon reversal of one of the
magnetic electrodes into the parallel magnetic state of the
left Fe/MgO/Fe junction, this junction resistance decreases
as does the voltage drop across it. With the fixed bias voltage
across the double junction, this leads to a shift of the energy
levels in the middle electrode, as illustrated in Figure 4b,
such that the transmission becomes off-resonant and the
conductance of the DTJ as a whole decreases. This consid-
eration explains the negative MR, which is the opposite of
the normal spin-valve effect where the high conductance
corresponds to the parallel magnetic configuration.

Reversing the polarity of the bias shifts the QW levels in
the middle electrode such that the electron transmission is
off-resonant for both magnetic states of the left junction, as
illustrated in Figure 4c,d. Since the left MgO barrier is
thicker, it is the left magnetic junction that contributes most
to the total resistance of the DTJ. One therefore expects for
this bias configuration a TMR of type normal for Fe/MgO/
Fe single junctions, which is indeed observedsthe conduc-

tion is high for the parallel magnetic state and low for the
antiparallel state.

As expected for a nonresonant transmission, the magnitude
of the measured positive MR corresponds well with the
values reported for Fe/MgO/Fe single junctions of 100–600%.
The observed negative, resonant MR on the other hand is
an order of magnitude higher. This substantial difference in
magnitude in addition to the difference in sign of the
observed MR provides an important additional confirmation
of our interpretation of the observed magnetoconductance
effect as due to resonant spin-dependent tunneling through
quantum well states of the F/F/N double tunnel junction.

Figure 4. Spin-dependent energy diagram of the DTJ: (a) negative bias, antiparallel magnetic state; (b) positive bias, antiparallel state; (c)
negative bias, parallel magnetic state; (d) positive bias, parallel magnetic state. The bias voltage across the left spin-dependent junction is
a function the bias polarity, DTJ asymmetry, and the magnetic state of the left junction and is generally different for the four configurations
of (a-c). Only configuration (a) corresponds to resonant transmission through one of the discrete states in the middle electrode.

Figure 5. Conductance of Figure 2b for low positive bias (dashed
line, left axis). MR of the DTJ at four fixed bias points near the
first resonance peak (blue and red dots, corresponding to conven-
tional TMR and resonant TMR, respectively).
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To additionally strengthen our interpretation in terms of
spin resonant tunneling through the magnetic DTJ, we show
in Figure 5 the bias dependence of the MR for the first
positiVe resonance peak observed at +80 mV. Off-resonance,
below ∼60 mV, the DTJ exhibits the conventional positive
TMR of ∼100% (log |TMR| ≈ 2, same as in Figure 3c),
corresponding to the TMR of the left tunnel junction in our
case. As the bias is increased to 80 mV, the MR changes
sign (shown in the figure as -log |TMR| ≈ -2). A further
increase in bias to 90 mV leads to another sign change in
the MR, which now is positive and significantly enhanced
over the conventional value, RTMR ∼1000%, since the bias
is still near-resonance. Further increase of the bias brings
the MR to the conventional, off-resonance value (∼100%
in our case). This oscillating in sign, resonant tunneling
magnetoresistance (RTMR) is in excellent agreement with
the spin-dependent resonant transmission model described
in Figure 4, which predicts an enhanced, sign-changing MR
near a conductance peak.

In conclusion, the measured magnetoresistance is record
high, essentially making the structure an on/off spin switch.
This, combined with the strong diode effect, demonstrates a
new device principle, promising for memory and reprogram-
mable logic applications.
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