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Low potential barrier height effects in magnetic tunneling junctions
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This paper reports on the study of deposited (Nig;Fe 9/ AlO,/Co) magnetic tunnel junctions by magnetron
sputtering, with the insulating layer obtained by plasma oxidation of Al. Concentration of the tunnel current in
small areas of the junctions and low potential barrier heights were identified by fitting, for each individual
sample, the room temperature /-V curves with either Simmons’ [J. Appl. Phys. 34, 1793 (1963); 35, 2655
(1964); 34, 2581 (1963)] or Chow’s [J. Appl. Phys. 36, 559 (1965)] model. A fast decrease of the tunnel
magnetoresistance as a function of the bias voltage is observed, with an inversion of its signal above a critical
value. The results are discussed in terms of the quantum coherence factor for low height insulating barriers.
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I. INTRODUCTION

Spintronics is a very active field of research on account of
its richness in physical phenomena and technological appli-
cations. Among the spintronics arrangements, magnetic junc-
tions (MTJs) with spin polarized tunneling are the simplest
and are incorporated in nonvolatile magnetic random access
memories and sensor heads. Beyond this simple structure,
the variation of the tunneling conductivity when external
fields are applied, the so-called tunnel magnetoresistance
(TMR), involves several physical mechanisms and, in spite
of the tremendous number of works in the field, the TMR
bias dependence remains not completely understood.

The importance of spin up and/or down densities of states
(DOSs) near the electrode/insulator interfaces over the sig-
nal, values, and bias dependence of the TMR is well estab-
lished. Increasing the bias, the conductance increases be-
cause it shifts the Fermi level of one electrode with respect to
the other, modifying the tunneling states’ population. It
causes the effective spin polarization (P) and potential bar-
rier height to go down, allowing higher energy states to tun-
nel easily. A DOS bias dependence thus leads to a TMR bias
dependence. A rigorous treatment should consider the com-
plete band structure and not only the DOS at the Fermi
level,? and some difficulties may arise while choosing the
relevant spin polarization factor.> Even so, the idea has been
largely used to reveal the electronic structure of supercon-
ductor materials and to explain complex dependencies of the
TMR as a function of bias voltage in junctions.*

The insulating layer also plays a role in the TMR depen-
dence with bias. According to Zhang and White,> a spin-
independent two-step tunneling current via defect states in
the amorphous barrier could be responsible for the TMR bias
dependence. Zhang et al.® and Cabrera and Garcia’ showed
that this is due to magnon excitations by hot electrons at
the electrode/barrier interface, at least for low applied bias
(<40 mV). More recently, extensions of Slonczewski’s
model® for finite bias®!' have shown that the TMR is a func-
tion of the potential barrier height and this dependence can
lead to TMR inversion for low enough barrier and large elec-
tron effective mass.'>!3 Experimental evidences have been
observed in systems with TaO, barriers.'*
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To approach the effects of barrier height and thickness
over the magnetoresistance, an adequate determination of
these quantities is crucial. Transmission electron microscopy
(TEM) and grazing incidence x-ray reflectivity (GIXR) are
powerful tools for thin films thickness determination, but the
visualized area for TEM may not be representative of the
effective junction area as a whole.!>'® On the other hand,
GIXR determines an average thickness over relatively large
areas. In junctions with fluctuations of thickness and/or bar-
rier composition, the tunnel current concentrates in small
parts of the junction area,'’!” designated hot spots, where
the barrier thickness and/or height achieve its lowest value.
As a consequence, thicknesses obtained from TEM and
GIXR are usually higher than those deduced from electronic
transport.?’ Buchanan et al.,’! using GIXR, showed that the
insulating barrier thickness is, in all cases, much larger than
the thickness of the initial Al metallic layer before oxygen
incorporation and twice the value determined from the /-V
curves fittings. As a matter of fact, results for insulating
thickness extracted from GIXR, TEM, and I-V curves should
converge only in small and strictly perfect junctions. In this
context, fitting of the /-V from model curves is helpful be-
cause the current will intrinsically probe the relevant part of
the junction.

In the following, we present results on the TMR as a
function of applied voltage in NigFe;q/AlO,/Co tunnel
junctions. Rather than a slow decrease of the TMR with in-
creasing bias, usually observed in similar systems, we ob-
serve a fast drop of the TMR, with an inversion of its signal
above a few hundred milivolts. In order to investigate the
role played by the insulating layer characteristics over the
TMR, we extract the barrier parameters from the I-V curves
of each individual sample.

II. EXPERIMENT

Samples were deposited from pure (99.99%) bulk targets
by magnetron sputtering with typical base pressure of
10”7 mbar (or lower) using masks to define 200 um elec-
trodes in the crossed stripe geometry with a 4 X 10™* cm?
junction area. Material stack was deposited on glass substrate
and consists of Ta(98)/Py(474)/A1(20)0(Y)/Co(420)/
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Cu(100), where Y=30, 45, and 60 s stand for the oxidation
time process (7,,), and all the nominal thickness are in ang-
stroms. The insulating barrier was deposited by glow dis-
charge assisted oxidation of a thin Al (20 A) film in a
100 mbar O, atmosphere.

I-V curves were measured using the four point probe
method in a dc low noise system. This system has input
impedance greater than 10 G(). A standard resistor in series
with the sample is used to detect the sample’s current flow. A
differential instrumentation amplifier then amplifies the mea-
sured voltage. MR curves were measured with an ac syn-
chronous detection technique using low frequency signal.

The M-H curves for room temperature were measured
using an alternating gradient magnetometer. Low tempera-
ture measurements were accomplished in a superconducting
quantum interference device magnetometer (Quantum De-
sign model MPMS-XL). The temperature (77 K) was settled
at zero field cooling at 10 K/min and the system configured
for dc measurements.

Fitting procedures

The fitting procedure for the I-V curves was done using
Simmons’??-?* and Chow’s models.>> Both models evaluate
the tunnel current density using the Wentzel-Kramers-
Brillouin (WKB) approximation for tunneling probability,
differing on the approach to solve the integrals. While the
first approximates the arbitrary potential barrier ¢(x,V) to a
mean barrier height [@(V)], the second approximates any ar-
bitrary potential barrier by an equivalent rectangular barrier
whose height is determined by the root mean square value of
the arbitrary potential barrier. This leads to a dependence of
bias polarity for asymmetrical tunnel barriers. In order to
compare the tunnel current density with the experimental
data, an explicit potential barrier shape must be assumed.
Also, while fitting the experimental curves with the models,
the junction area was left as an additional free parameter to
contemplate the presence of hot spots.!’20

For similar electrodes and nonzero temperatures, both
models assume a rectangular potential barrier, so the tunnel
current densities are given in practical units for Simmons’
and Chow’s models by
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respectively. In the expressions, T stands for temperature and
the free parameters are the rectangular potential barrier
@o (V), the insulating barrier thickness ¢ (A), and the junc-
tion area A (cm?) which is related to the measured tunnel
current (/) through J(V,T)=1/A.

Also, ¢, is the equivalent rectangular barrier height given
by

4
@,= 5([%3/2 —(@o=V)72YV)2. (3)

For dissimilar electrodes and nonzero temperatures, both
models assume a trapezoidal potential barrier. In this work,
we assume the tunnel current density in the reverse direction,
that is, electrode 2 (Py) is positively biased with respect to
electrode 1 (Co). In practical units for Simmons’ and Chow’s
models, the tunnel currents are given by
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respectively. The parameter @, is the effective barrier height
and is given by

4
Cr,= 5([@?/2 (= V)S/Z]/[% — @t V])z, (6)

and ¢, and ¢, (free parameters) are the potential barrier
heights at the interfaces between the insulating barrier and
electrodes 1 and 2, respectively.

It should be noted that all equations are in the intermedi-
ate voltage range, that is, 0= V=< ¢, for similar electrodes
and 0= V= ¢, for dissimilar ones. Also, the potential barrier
height has a bias dependence, and when ¢, = ¢,, all equations
reduce to similar electrode equations.

III. RESULTS AND DISCUSSION

Figure 1 shows I-V curves for a Py/Al(20 A)O,(30 s)/Co
sample with a linear shape for V—0 and a non-Ohmic be-
havior above 150 mV. The moderate increases of the low
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FIG. 1. (Color online) Experimental room temperature /-V curve
fitted using Chow’s model for asymmetrical tunnel barrier showing
experimental curve (points) and simulated one (line). The ferromag-
netic electrodes are in the parallel state of magnetization. Some
experimental points have been left out intentionally to show the
quality of the fit. /-V curve for 95 K shows a resistance increase
with a decrease in temperature.

voltage electrical resistance when the temperature decreases,
together with the /-V curve shape indicate quantum tunneling
as the charge transport mechanism.?® For V— 0, the first ex-
ponential factor in the right hand side of Eq. (5), correspond-
ing to the first quadrant of Fig. 1, has a small contribution,
leaving only the linear contribution for the /-V characteristic.

For V= ¢,, the exponential factor has a larger contribu-
tion than the linear one, approximately 1 order of magnitude
higher than the normalized value for V— 0, leading to a non-
linear behavior, as can also be seen in Fig. 1.

Physically this means that the bias shifts the Fermi level
of one electrode with respect to the other, and the effective
barrier height decreases, so more electrons can tunnel be-
cause there are more empty states available on the second
electrode, increasing the transmission coefficient. As a con-
sequence, the barrier resistance decreases. Figure 2 shows a
schematic energy diagram illustrating this idea for both re-
gions.

Also, Fig. 1 shows the room temperature fit using Chow’s
model for asymmetric tunnel barrier, where the experimental
curve can hardly be differentiated from the fitted one. This
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Electrode 2 Electrode 1

FIG. 2. (a) Schematic energy diagram for low voltage region
V—0 and (b) for intermediate voltage region 0 < V< ¢,. Electrode
2 is positively biased with respect to electrode 1.

I-V curve behavior can be reasonably well described also by
Simmons’ model, on account of the small potential asymme-
try. The values obtained by the fitting procedures, for a group
of samples, are shown in Table I. Several aspects of these
parameters merit to be addressed.

First, under our experimental conditions, neither the bar-
rier height nor its thickness is strongly affected by the oxi-
dation time. We interpret this as a signature of the presence
of hot spots. The mean oxide thickness, measured with low
angle x-ray diffraction, increases almost linearly with oxida-
tion time, but this will not be relevant for the tunneling when
the current concentrates in small portions of the sample. As
can be seen in Table I, the effective tunneling areas extracted
from the fittings represent less than 1% of the junction’s
geometrical area, a percentage that is near those found by
scanning tunneling microscopy. The extracted values for bar-
rier thickness are around 10 A, smaller than the values usu-
ally reported for similar junctions but close to those extracted
by fitting of I-V curves measured using scanning tunneling
microscopic tips.?’

It should be mentioned here that considering the effective
tunneling area in the fitting procedure limits the errors in-
duced by interface roughness, as has been proved by model-
ing and simulations.'® If the values obtained for all the
samples are put together, they compose a consistent picture,
showing the expected exponential growth of the normalized
resistance (RA.) versus effective barrier thickness (tAle), as
depicted in Fig. 3 for data taken from Table I corresponding

TABLE I. Barrier’s intrinsic parameters extracted from fittings of /-V curves using Simmons’ (Refs. 22-24) and Chow’s models (Ref.
25). Barrier effective thickness (7410, ), barrier potential height (¢), effective tunneling area (A,), and oxidation time (7). I-V curves
measured at 300 K and ferromagnetic electrodes in the antiparallel state of magnetization.

Symmetric barrier

Asymmetric barrier

Simmons Chow Chow

Tox ®o ta10, @0 Ay @1 (o5

(s) (eV) (A) (eV) (cm?) (eV) (eV)

30 0.726+0.014 8.98+0.08 0.778+0.017 (2.9+£0.4) x 107 1.221+0.018 0.985+0.014
30 0.743+0.004 9.39+0.08 0.827+0.006 (1.9+£0.3) X 10~ 1.239+0.015 1.032+0.019
30 0.807+0.023 9.96+0.18 0.914+0.035 (1.2+£0.4)x 1078 1.231+0.025 0.990+0.011
45 0.819+0.021 10.14+0.20 0.926+0.032 (2.1£0.3)x 1078 1.236+0.024 1.002+0.023
45 0.793+0.006 10.53+0.07 0.945+0.013 (1.1£0.1)x 1078 1.251+£0.013 1.018+0.022
60 0.836+0.024 10.98+0.11 0.990+0.017 (3.9+£0.4)x 1078 1.269+0.011 1.034+0.017
60 0.845+0.0009 11.71+£0.20 1.039+0.007 (3.5+£0.7) x 1078 1.308+0.029 1.075+£0.025
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FIG. 3. (Color online) Room temperature effective area resis-
tance product (RA.) as a function of the tunneling effective barrier
thickness (410 ). Low voltage electrical resistance determined in
the linear rangé of I-V curves between —40 and +40 mV. The con-
tinuous line has been calculated according to the expression
Pexpl (2110 /1) V2mey], where P=74X10""2Qcm? and ¢,
=1.4 eV. For this expression, the potential barrier height (¢p) is an
independent function of 740 , and the effective mass of the tunnel-
ing electron within the barrier is neglected.

to Chow’s model for symmetric tunnel barrier.

The last two columns on the right hand side of Table I
show the potential barrier heights ¢; and ¢, for asymmetric
tunnel barrier, as shown in Fig. 2, where ¢; and ¢, are the
potential barrier height at the first and second metal/
insulator/metal interfaces, respectively. The asymmetry (Ag)
is roughly 0.2 eV, meaning that the MTJs have an almost
rectangular potential barrier.

Figure 4 shows the derivative of a fitted /-V curve as a
function of applied bias. This is a parabolic curve slightly
shifted to negative values of bias with minimum conductance
at V,;,,=—11.87 mV, as can be verified in the inset of Fig. 4
(see the arrow), where the second derivative is plotted
around the position of the minimum. This slight shift is due
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FIG. 4. Derivative of a fitted I-V curve as a function of the
applied bias for a Py/Al(20 A)O,(30 s)/Co MTJ. Note that the
curve is slightly shifted to the left as can be seen in the inset for the
second derivative. No magnetic field was applied during the mea-
surement at 300 K.
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FIG. 5. (Color online) Room temperature potential barrier
height as a function of the tunneling effective barrier thickness
(tAle). The continuous line is only a guide to the eyes.

to a low asymmetry potential barrier, usually correlated to
MTIs with properly oxidized tunnel barriers and an almost
rectangular potential barrier height (¢, = ¢,).28 This also jus-
tifies why simulations for symmetric tunnel barrier show
good agreement with experimental /-V curves for both mod-
els.

As can be seen on Table I, for Simmons’ and Chow’s
model simulations, we have values of ¢=<1.0 eV, meaning
that we have deposited samples with low potential barrier
height values, if compared to values reported in the literature
for the same system (¢=1.9 eV).?>3 We can argue about
the physical reasons for this low potential barrier. It could be
due to deviation from Al,O; stoichiometry in the regions
relevant for the tunneling transport. Up to now, we do not
have an experimental method to follow locally the composi-
tion of the oxide.

Another possibility is that a buildup process of the tunnel
barrier is present. Figure 5 shows the potential barrier height
as a function of thickness using the values from Table I cor-
responding to Chow’s model for symmetric barrier. We can
see an increase of the barrier height for increasing thickness.
This trend could be an indication that for very thin oxide
layers, the insulator gap has not yet been completely estab-
lished. In junctions with Al electrodes®' where the tunneling
barrier was produced under the same experimental condi-
tions as the MTJs, barrier height values increases toward
saturation in a figure slightly smaller than the Al,O5; bulk
reported values.

Figure 6 shows TMR-ac curves for different applied bias.
As usual, TMR decreases with increasing bias, and it does
much faster for ac (low frequencies) than dc measurement
(not shown). Finally, TMR changes from positive to negative
at a critical bias V that is almost independent from the po-
larity (nearly symmetrical curve), in contrast with what is
observed in double insulating barrier or strongly asymmetric
ones. This inversion of TMR is an uncommon behavior for
this well-known positive system.

Some possibilities should be considered underlying the
TMR inversion. From the DOS near the Fermi level point of
view, no drastic change in the spin polarization has been
predicted or measured for magnetic transition metals junc-
tions when, by the applied bias, DOS above or under the
original Fermi Level are probed by tunneling current.
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FIG. 6. TMR-ac curves for different applied biases for a
Py/Al(20 A)O,(30 s)/Co MTJ at 77 K. Inset: magnetization as a
function of the applied magnetic field showing a different coercive
force for a Py/Al(20 A)O,(60 s)/Co MTJ. The figure also shows
the magnetoresistance bias dependence for the Py/Al(20 A)0,(30
s)/Co MTIJ.

As the tunnel current is concentrated in hot spots, current
densities can reach relatively high values (5.6
X 10° A/cm?). For very low potential barrier height such as
MgO (0.34-0.50 eV), Beletskii et al.'> have shown that cur-
rent densities can be increased up to 10° A/cm? and thus
switch the magnetization of the free ferromagnetic layer.
However, a similar mechanism in the present case is very
unrealistic. As the magnetic material above or under the hot
spots regions is coupled by direct magnetic exchange with
the rest of the electrode, any inversion would demand quite
large current densities,>> 2 orders of magnitude larger than
those estimated here. Finally, this extrinsic effect must be
dismissed because, even if it could induce some decreasing
with bias voltage increasing, it could not generate any inver-
sion in the TMR signal.

A simple Slonczewski type parabolic band model, valid
for V—0, supports an effective negative spin polarization
coefficient (P) value due to low potential barrier height ef-
fect, which would be a qualitative explanation for this
behavior.® In the present case, the inversion of TMR as a
function of the barrier potential height can be understood in
the framework of the Li and co-workers®~!! model for the
intermediate voltage range (experimentally measurable).
This treatment is an extension of Slonczewski’s model for
finite bias, where the barrier’s potential height presents a
strong bias dependence. As pointed out, TMR can be ex-
pressed [Eq. (14) in Ref. 11] as a function of the quantum
coherence factor by

TMR « >, - dEA(E,,V)D(E,,V)exp[-29(E,, V)]
ky J oo
X[F(E) - F(E-eV)], (7)

where the summation over k; stands for the contribution from
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the lateral (in plane) parts of the Hamiltonians, E for the total
energy of the tunneling electrons, f(E) for the Fermi distri-
bution function, and exp[-27(E,,V)] for the exponential
weighting factor in the WKB approximation.

The factor A(E,, V) is the DOS contribution from the fer-
romagnetic electrodes and is always positive, no matter the
magnitude of the bias. Thus, it does not contribute to the
TMR inversion as mentioned above.

The quantum coherence factor [Eq. (47) in Ref. 9] is
given by

D(Ex’ V) = (%)[(‘PZ - Ex - eV) - V’(Ex + eV)Z - Az]s
(8)

where A stands for one-half of the exchange splitting be-
tween the two spin bands of the ferromagnetic electrodes, V
for the applied bias, E, for the longitudinal part of the elec-
tron energy, m for the electron mass, and ¢, for the potential
barrier height at the second barrier/electrode interface (see
Fig. 2). The first term on the right hand side is the potential
barrier height contribution and the second one is the trans-
mission coefficient contribution. The former decreases with
the increase of the bias and the latter increases with V, so the
quantum coherence factor is a rapidly decreasing function of
V. As the bias increases, this factor will drop to zero and then
become negative beyond a critical voltage V.

This physical mechanism is responsible for the decrease
and change of sign of the quantum coherence factor at the
intermediate voltage range. The only factor in Eq. (7) ca-
pable of decreasing and inverting the TMR due to the applied
bias is the quantum coherence. The effect originates from the
low potential barrier height and the transmission coefficient
rather than the DOS contribution. It means that the lower
(higher) the potential barrier height, the smaller (larger) the
TMR. Also, the larger the transmission coefficient, the lower
the TMR. This could explain why a high potential barrier
such as Al,O5 does not show TMR inversion (before dielec-
tric breakdown is reached), while a low potential barrier such
as Ta,05 (¢=0.4 eV) does.'*

To check if the quantum coherence is the dominant
mechanism behind the inversion here observed, we could
estimate the critical voltage beyond which TMR is negative.
At zero temperature, with barrier height of ~1 eV, chemical
potential defined as the energy level at the middle of the
insulating barrier, and 1.4 eV for the splitting of Co spin up
spin down bands, we find V=250 mV, which is close to the
measured values. However, it should be emphasized that this
is a quite crude approximation as, besides the intrinsic limits
of applicability of parabolic band type models to 3d metals,
we are also neglecting effects of electron effective mass in-
side the barrier, magnon excitations, and other temperature
effects.

The most robust results supporting the quantum coher-
ence factor role in the TMR inversion are presented in Fig. 7,
showing a slight increase of the measured critical voltage
with the barrier height, in accordance with the linear
prediction.’® Also, the small asymmetry observed in the
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FIG. 7. Critical voltage as a function of the potential barrier
height showing a linear behavior and supporting the quantum co-
herence factor role in the TMR inversion as predicted in the model
of Fei-Fei et al. (Ref. 33). Measurement made at 77 K.

TMR-ac curves for different applied bias follows the slight
difference between the potential heights at both sides of the
barrier.

Usually, for Al,O5 tunnel barrier, the potential height is
high and its critical voltage V. is so large that the junction
will break down before inversion of the TMR is observed.
The Fermi level is too far below the effective barrier height
and the rate of tunneling electrons as well as the transmission
coefficient are lower when compared to a low potential bar-
rier height at the same applied bias. In the present case, with
low potential barriers for the same insulating material, the
critical voltage V. is small enough to observe inversion of
the TMR before the breakdown voltage. Finally, as the TMR
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depends on potential barrier height, this could explain why
our MTJs show lower TMR values (up to 8% at 77 K) than
those reported by other authors.?’

IV. CONCLUSIONS

The good agreement for the fitting of /-V curves suggest
that although Simmons’ and Chow’s models are based on
free electron approximation, both can capture the main as-
pects of the physics involved in tunnel junctions with ferro-
magnetic electrodes. We can therefore conclude that assump-
tions made in both models still lead to coherent results in the
MT]Is deposited under our specific experimental conditions.
A, values indicate the presence of a nonuniform current
distribution.

We have found TMR inversion for a widely known posi-
tive system such as Py/AlO,/Co, where no inversion would
be expected arising from the DOS for both electrodes. As our
specific experimental conditions result in insulating barrier
with low height and low asymmetry, we conclude that the
almost symmetrical TMR versus voltage bias curves and the
TMR inversion in this system is in agreement with the model
of Li and co-workers,>!! which predicts inversion of TMR
due to low potential barrier height effects.
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