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Abstract – We demonstrated that the formation of magnetic conductive filaments in Co/ZnO/Fe
sandwich structures can be employed to produce a nanoscale magnetic tunnel junction (MTJ)
and control the tunneling magnetoresistance (TMR). The pristine Co/ZnO/Fe structures with a
100 nm thick ZnO layer do not exhibit any remarkable TMR. Under voltage sweeps performed
on the sandwich devices, Co conductive filaments were grown in a ZnO layer, which leads to the
formation of nanoscale Co/ZnO/Fe MTJs and the occurrence of TMR. In addition, a sign inversion
of TMR was found in the nano-MTJs by carrying out the further voltage sweeps or varying the
measuring bias voltage, which could be well understood in terms of the resonant tunneling caused
by impurity scattering in a ZnO barrier.

Copyright c© EPLA, 2014

Introduction. – Over the last few decades, a variety
of novel phenomena, such as resistive switching (RS) [1,2],
tunneling magnetoresistance (TMR) [3–6], and giant mag-
netoresistance (GMR) [7–9], has been continuously dis-
covered in thin-film sandwich structures. For example, an
electrode/insulator/electrode sandwich structure can be
reversibly switched between a high-resistance state (HRS)
and a low resistance state (LRS) under externally applied
electric fields, which is termed the RS effect and can be
interpreted by the mechanisms based on conductive fila-
ment, charge trapping/de-trapping, thermochemical reac-
tion, metal-insulator transition and other models [10,11].
On the other hand, in a magnetic tunnel junction (MTJ)
where an ultra-thin insulating barrier is sandwiched be-
tween two ferromagnetic electrodes, a TMR ratio up to
hundreds of percent could be achieved due to the spin-
polarized tunneling of conduction electrons across the
insulating barriers. For a spin-valve structure with a non-
magnetic conductive layer sandwiched between two ferro-
magnetic layers, a GMR ratio up to a few tens of percent

(a)E-mail: zhanqf@nimte.ac.cn
(b)E-mail: runweili@nimte.ac.cn

could be obtained owing to the spin-dependent scattering
of polarized conduction electrons at the interfaces. Due to
the great potential for application in sensors and informa-
tion storage devices, these achievements obtained in sand-
wich structures have received widespread attention [1–15].

Most of the previous investigations have separately fo-
cused on either the RS behaviours or the spin-dependent
effects, but ignored the coexistence of these effects in a
multilayered structure. Recently, in sandwich structures
with ferromagnetic electrodes or barriers, both magnetore-
sistance and magnetization have been found to be elec-
trically switched by means of the RS operations [16–22].
For example, Chen et al. demonstrated that, due to
the variation of oxygen vacancies during the rupture and
rejuvenation of oxygen-vacancy–based filaments, both the
magnetization and the coercive fields of Pt/Co:ZnO/Pt
structures can be significantly modulated by applying elec-
tric fields [20]. Halley et al. observed the different TMR
behaviours for Fe/Cr/MgO/Fe MTJs in the LRS and
HRS, and the migration of oxygen vacancies and atoms
due to the strong electric field that develops across the
insulating barrier were believed to be responsible for the
electrical switching phenomena [21].
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In a number of RS sandwich structures, when a pos-
itive voltage is applied to the electrochemically active
electrode, metal atoms can be oxidized to ions. After trav-
eling a short distance into the insulating layer, the ions
will be reduced back to atoms and gradually form metal
conductive filaments from the anode surface to the cath-
ode layer [23,24]. By applying a sufficient negative bias
voltage, the filament could be electrochemically dissolved,
switching the device back to the LRS. A positive voltage
lower than that used in the forming process would rejuve-
nate the previously ruptured filament segments. The for-
mation, rupture, and rejuvenation of conductive filaments
have been used to construct magnetic nanostructures and
modulate their properties. Recently, Jang et al. found
that, in Co/TaOx/Cu/Ni80Fe15Mo5 structures, the GMR
behaviour appears in the LRS and vanishes in the HRS due
to the rejuvenation and rupture of Cu spin transport chan-
nels in TaOx, which leads to the formation and destruction
of the GMR structure of Co/Cu/Ni80Fe15Mo5 [22]. For
a ferromagnet/insulator/ferromagnet sandwich structure,
if the conductive filament is not connected to the cath-
ode and the insulating layer in between is thin enough
for the spin-polarized electron tunneling through it, a
nanoscale MTJ is expected to be produced.

In this paper, we experimentally showed a new ap-
proach to construct nanoscale MTJs in Co/ZnO/Fe sand-
wich structures by controlling the growth of Co conductive
filaments with electric fields. The positive and negative
TMRs and the inversion of TMR with varying the mea-
suring bias voltages were observed after different voltage
sweeps performed on the devices, which can be interpreted
based on the mechanism of resonant tunneling via impu-
rity states located at the ZnO barrier.

Experiment. – Multi-layered films with a structure of,
from the top side, Au(3 nm)/Co(100 nm)/ZnO(100 nm)/
Fe(100 nm)/Au(100 nm), as schematically shown in
fig. 1(a), were deposited on thermally oxidized Si sub-
strates using a magnetron sputtering system with a base
pressure below 1×10−4 Pa. Au layers were rf sputtered at
an Ar pressure of 1Pa at room temperature. Fe layers were
dc sputtered with an Ar pressure of 0.2Pa at an elevated
temperature of 200 ◦C to reduce the surface roughness.
ZnO layers were deposited by rf sputtering a ceramic ZnO
target in 80%Ar/20%O2 ambient of 1Pa at room tempera-
ture. Co top electrodes with a diameter of 200μm were dc
sputtered in an Ar atmosphere of 0.2Pa at room temper-
ature. The films were capped by a 3 nm thick Au layer to
avoid oxidation. The surface topography and the hystere-
sis loops were characterized at room temperature by the
Atomic Force Microscope (AFM, SII Nanotechnology) and
the Vibrating Sample Magnetometer (VSM, Lakeshore
Model 668), respectively. The current-voltage (I-V ) char-
acteristics and magnetoresistance curves were measured
at 10K by using a semiconductor parameter analyzer
(Keithley 4200) integrated with a cryogenic probe station
(Lakeshore EMPX-HF). The temperature dependence of
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Fig. 1: (Colour on-line) (a) Schematic of the multi-layered
resistive switching Co/ZnO/Fe structures. (b) AFM images
(1× 1 μm2), where the colour contrast (dark to bright) for the
height scale corresponds to 5.8 nm, and (c) hysteresis loop for
the as-grown Co/ZnO/Fe structures. The hysteresis loop of a
reference Fe film grown on a Si substrate is shown in the inset.
(d) The I-V curve corresponds to the forming process of an as-
grown cell under a voltage. The voltage sweep sequences and
directions are marked with numbers and arrows. The temper-
ature dependence of resistance for the cell in the LRS is shown
in the inset.

resistance was measured by using a physical-properties
measurement system (PPMS, Quantum Design) with a
constant dc current of 50μA.

Results and discussion. – Figure 1(b) shows the sur-
face topography of the as-prepared Co/ZnO/Fe multilayer
with a root-mean-square (RMS) roughness of 0.91 nm. As
revealed in fig. 1(c), the hysteresis loop of the film ex-
hibits a feature of two-step reversal due to the different
coercivities of the Fe and Co layers. The hysteresis loop
of a reference Fe film grown on a Si substrate, as shown
in the inset of fig. 1(c), indicates that the sharp magnetic
switching near 20Oe corresponds to the Fe layer.

A voltage sweep of 0 → 7 → 0V is initially applied
to a Co top electrode to switch the cell of Co/ZnO/Fe
from the HRS to the LRS, where a compliance current
of 1mA is used to protect the device from a permanent
breakdown. Multiple sharp jumps are observed around
6V in the corresponding I-V curve, as plotted in fig. 1(d),
indicating the formation of multiple conductive filaments
which may originate from oxygen vacancy filaments and
Co conductive filaments [25,26]. To further confirm the
physical properties of the filaments, the temperature de-
pendence of resistance for the cell in the LRS is measured
in the range from 10 to 300K, as plotted in the inset of
fig. 1(d). The resistance monotonously increases with tem-
perature, showing a metallic conductive behaviour. These
transport features are different from the previous studies
on Pt/Co:ZnO/Pt [20] and TiN/ZnO/Pt [27], in which
a semi-conductive behaviour in the LRS suggests a RS
mechanism of oxygen-vacancy conductive filaments. The
R-T curve for the cell of Co/ZnO/Fe in the LRS can be
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Fig. 2: (Colour on-line) The magnetoresistance curves of a
Co/ZnO/Fe cell measured in (a) state 1, (b) state 2, (c) state
3, and (d) state 4. During the measurements, the magnetic
field is aligned parallel to the film surface. (e) I-V curves
measured for the cell in states 2 and 3. (f) Schematic of the
corresponding Co/ZnO/Fe structures during the formation of
Co conductive filaments.

fitted by a relation R(T ) = R0[1 + α(T − T0)], where
R0 is the reference resistance at a temperature of T0,
and α is the temperature coefficient of resistance. Us-
ing T0 = 300K, α is calculated to be 8.6 × 10−4 K−1,
which is in agreement with the previous study of Co
nanowires grown by the focused-electron-beam–induced
deposition [28]. Therefore, although we cannot completely
rule out the existence of oxygen vacancy filaments, we be-
lieve that the formation of Co conductive filaments should
take the most responsibility for the occurrence of RS in
the Co/ZnO/Fe devices.

If the growth of Co conductive filaments can be well con-
trolled not in contact with the Fe cathode and the ZnO
barrier in between is reduced to be thin enough, we may
obtain nanoscale MTJs with both Co conductive filaments
and Fe layer as the electrodes. The compliance currents
during voltage sweeps are applied to control the diame-
ter and the length of conductive filaments [29]. In the
present work, in order to control the growth of Co fila-
ments, the voltage sweeps with a low compliance current in
the order of 0.1mA are performed. Meanwhile, the electri-
cal transport properties of Co/ZnO/Fe devices in different
growth states of Co filaments are systemically investigated
with a magnetic field applied in the plane of films. In
the as-grown state 1, the insulating ZnO barrier between
Co and Fe electrodes is 100 nm in thickness, which is too
long for the spin-polarized tunneling of conduction elec-
trons, thus the TMR effect cannot be observed, as shown
in fig. 2(a). After applying several (typically five to six,
which are different from sample to sample) voltage sweeps
of 0 → 5 → 0V with a compliance current of 0.1mA on
Co electrodes, the devices are switched from the HRS of
ten million Ω to a low-resistance state 2 of hundreds of
thousands Ω. It is well known that the conductance for a
point contact of Co or Fe is close to or larger than a con-
ductance quantum, 1G0 = 2e2/h ≈ 1/12900Ω−1, where e
is the charge of electron and h is Planck’s constant [30,31].
The resistance far larger than 12900Ω indicates that none

of the Co filaments is grown to reach the Fe cathode in
state 2, which is also confirmed by the corresponding non-
linear I-V characteristic, as plotted in fig. 2(e). On the
other hand, the ZnO barrier between Co filaments and
Fe layer becomes thin enough due to the formation of
Co conductive filaments, which results in the occurrence
of spin-polarized electron tunneling between two ferro-
magnetic electrodes. Such a nanoscale Co/ZnO/Fe MTJ
exhibits a smaller (larger) resistance when the two elec-
trodes are in parallel (anti-parallel) magnetic configura-
tions under high (low) magnetic field, corresponding to a
positive TMR of 11.5% measured at a bias of −0.05V,
as shown in fig. 2(b). The TMR ratio is defined as
(RAP − RP)/RP, where RP and RAP represent the resis-
tance with the magnetizations of two ferromagnetic layers
parallel and anti-parallel to each other, respectively. Three
to four additional voltage sweeps of 0 → 5 → 0V with a
compliance current of 0.1mA are subsequently performed
until the resistance of the cell is further decreased to a
low-resistance state 3 of about 150 kΩ. As compared to
state 2, the nonlinearity of the I-V characteristic becomes
much weaker in state 3, as shown in fig. 2(e), indicating
that the insulating ZnO barrier between Co filaments and
Fe bottom electrode becomes even thinner. Since both
Co and Fe possess a positive spin polarization, based on
Jullière’s model, only positive TMR could be observed in
this structure [32,33]. However, in state 3 a negative TMR
of about −3% is observed at a bias of −0.05V, as shown
in fig. 2(c). Finally, after further applying two or three
voltage sweeps of 0 → 6 → 0V with a compliance current
of 0.15mA, where the larger voltage and compliance cur-
rent are used to accelerate the growth of Co filaments,
the resistance of the cell is decreased to a small value
of about 150Ω in state 4. Consequently, the TMR ef-
fect can no more be observed in the devices, as shown in
fig. 2(d), which suggests that at least one Co conductive
filament has connected the two ferromagnetic electrodes
in state 4. It should be noted that although there may
exist more than one Co filament in the insulating ZnO
matrix, the resistance and TMR of the cell are largely de-
termined by that filament which is the closest to the Fe
electrode. Figure 2(f) schematically illustrates the growth
of Co conductive filaments in different states.

In order to clarify the origin of the sign change of
TMR occurring in the nano-MTJs, the magnetoresistance
curves of states 2 and 3 are measured at different bias
voltages ranging from −0.2 to 0.2V. For state 2, only
positive TMR are observed in the whole range of measur-
ing bias voltage, the TMR shows a maximum of 18.7%
at 0.02V and decreases to 4% and 5.8% with increasing
bias voltage to 0.2 and −0.2V, respectively. In contrast, a
sign inversion of TMR is observed in state 3 by chang-
ing the measuring bias voltage, as typically plotted in
fig. 3(a). The magnitude of TMR as a function of the
bias voltage is summarized in fig. 3(b). When the ap-
plied bias voltage is changed from −0.2 to −0.05V, the
TMR varies from −1.5% to −2.8%. With increasing bias
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Fig. 3: (Colour on-line) (a) TMR curves for a Co/ZnO/Fe cell
measured in state 3 at different bias voltages. (b) TMR ratio
as a function of the bias voltage for the cell in state 3. The
black dots represent the experimental data and the black solid
line is a guide to the eye. The red solid line represents the nu-
merical calculations based on the model of resonant tunneling
via an impurity state located in the barrier. (c) Schematic of
tunneling effect in the junction with a local impurity existing
in the barrier.

voltage, the TMR ascends rapidly to positive at −0.02V,
and reaches its maximum value of 9.2% at 0.02V. The
TMR keeps positive and decreases monotonously when
the bias voltage is varied from 0.03 to 0.1V, and finally
changes to negative values from −0.43% to −0.83% in
the bias range from 0.11 to 0.2V. The sign change of
TMR with varying bias voltages has also been reported in
a number of MTJs [34–38], such as Ni/NiO/Co [34] and
Fe/ZnSe/Fe [37], which have been ascribed to the reso-
nant tunneling via impurity states [34–40]. In our sam-
ples, impurity atoms and lattice defects may be introduced
in the ZnO layer during the deposition of multi-layered
structures and the formation of conductive filaments, giv-
ing rise to the bias-voltage–dependent impurity-resonance
tunneling behaviours. When impurities are located in the
ZnO barrier, resonant tunneling via the impurities occurs,
which contributes to the total conductance together with
the direct tunneling between Fe and Co electrodes, as
shown in fig. 3(c).

For tunneling through an impurity state of energy Ei,
the conductance per spin channel as a function of energy
E is given by [34,39]

G(E) =
4e2

h

Γ1Γ2

[E − Ei − eV (1 − x/d)]2 + (Γ1 + Γ2)2
, (1)

where 2πΓ1/h and 2πΓ2/h are leak rates of an electron
from the impurity state to the Co and Fe electrodes, which
are assumed for simplicity to be Γ1 ∝ ρ1 exp(−2κx) and
Γ2 ∝ ρ2 exp[−2κ(d − x)], where ρ1 and ρ2 are the densi-
ties of states of two electrodes, κ is the decay constant,
x represents the position of the impurity, d is the bar-
rier thickness and V is the bias voltage applied to the
MTJ. When |E −Ei − eV (1− x/d)| � Γ1 + Γ2, tunneling
through the impurity state leads to G(E) ∝ ρ1ρ2. Due
to the positive spin polarization of Fe and Co used in our

multi-layered structures, a positive TMR is obtained when
off resonance:

TMR =
GP − GAP

GAP
=

(ρ1↑ − ρ1↓)(ρ2↑ − ρ2↓)
ρ1↑ρ2↓ + ρ1↓ρ2↑

> 0, (2)

where ↑ (↓) refers to the majority (minority) spin. When
E − Ei − eV (1 − x/d) = 0, the resonant tunneling oc-
curs between Co and Fe electrodes via the impurity state.
If the impurity has an asymmetric position, x < d/2 or
x > d/2, which leads to Γ1 � Γ2 or Γ1 � Γ2, and thus
G(E) ∝ ρ2/ρ1 or G(E) ∝ ρ1/ρ2. In both cases, the reso-
nant tunneling results in a negative TMR:

TMR =
(ρ1↑ − ρ1↓)(ρ2↓ − ρ2↑)

ρ1↑ρ2↑ + ρ1↓ρ2↓
< 0. (3)

The bias voltage dependence of TMR can be calculated
by integrating eq. (1),

∫ EF +eV

EF
G(E)dE. For simplicity,

the densities of states of the two electrodes are assumed
to be energy-independent constants. By using the spin
polarizations of Co and Fe [41], Ei = 35meV, x = 0.35d,
Γ1↑ = 6meV and Γ2↑ = 70meV, the experimental TMR
ratio as a function of the bias voltage in state 3 can be well
reproduced, as shown in fig. 3(b). Since our numerical cal-
culations only consider a single impurity state by using a
simplified model, a deviation between the calculated and
the experimental values cannot be avoided. To achieve a
perfect agreement between theory and experiment, more
factors, such as multiple impurities, the energy-dependent
densities of states, and the contribution of direct tunnel-
ing, should be considered in the model.

In our nano-MTJs, the resonant tunneling strongly de-
pends on the concentration and distribution of impurities
located in the tunneling barrier [40], which results in the
different TMR behaviours in states 2 and 3. To observe
the inversion of TMR, two conditions need to be satisfied:
the energy of a localized state lies close to the Fermi energy
and the resonant tunneling overwhelms the direct tun-
neling between two electrodes. Theoretical calculations
indicate that only the resonant tunneling through the im-
purities located in the middle region of the barrier makes
a considerable contribution to the total conductance. The
high concentration of impurities is another determinant
for the appearance of a strong resonance signal [39,40].
Therefore, due to the different configurations of impuri-
ties in different MTJs, there is only a finite probability to
observe the inversion of TMR, which has been proved in
Ni/NiO/Co nano-junctions by Tsymbal et al. [34]. For our
Co/ZnO/Fe junctions, with continuously performing volt-
age sweeps, Co ions keep migrating into the ZnO barrier,
and become new impurities. As a result, the high con-
centration of defect atoms in the ZnO barrier enhances
the contribution of resonant tunneling and leads to the
occurrence of the inversion of TMR.

Summary and conclusion. – In summary, we have
systematically studied the magnetotransport behaviours
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of the Co/ZnO/Fe sandwich structures in different RS
states. The formation of Co conductive filaments in a
ZnO layer under the application of voltage sweeps can
be employed to effectively produce nanoscale MTJs and
control the magnetic transport. The pristine Co/ZnO/Fe
sandwich structure with a 100 nm thick ZnO layer does
not exhibit any TMR behaviour. By applying a positive
voltage on Co electrodes, Co atoms migrate into the insu-
lating ZnO layer, forming conductive filaments. When the
Co conductive filaments are close enough to the Fe cath-
ode after the execution of electrical operations, a positive
TMR can be observed, indicating formation of nanoscale
Co/ZnO/Fe MTJs. In addition, the negative TMR and
the sign change of TMR with varying bias voltages are
observed after further electrical operations have been car-
ried on to change the effective ZnO barrier. The anoma-
lous TMR behaviours can be well understood in terms of
resonant tunneling caused by the impurity scattering.
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