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Shot Noise in Epitaxial Double-Barrier Magnetic Tunnel Junctions
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We demonstrate that shot noise in Fe/MgO/Fe/MgO/Fe double-barrier magnetic tunnel junctions is determined by the magnetic con-
figuration of the junction—the P-state with the magnetic moments of all three ferromagnetic layers aligned parallel, the AP1 state with
the central electrode magnetized opposite to its neighbors, and two different AP2 states with the magnetic moment of the upper or bottom
electrode aligned opposite to the other two. We also show that the asymmetry between both MgO barriers is another important factor
which affects the shot noise. Some voltages present an enhancement in both conductance and shot noise, which indicates that resonant
tunneling through quantum well states formed in the middle magnetic layer is taking place. When the junctions are heated to 60 K, the
resonance tunneling anomalies in the shot noise smear out, but they survive in the differential conductance. On the other hand, at low
voltages (below 200 mV) and low temperatures (below 4 K) the shot noise tends to decrease, probably due to multi-step tunneling via
localized defect states in the tunnel MgO barrier. The theoretical model of sequential tunneling proposed for this system, which takes
into account spin relaxation, successfully describes the experimental observations in the bias range between 200 mV and 500 mV, where

the influence of tunneling through barrier defects and resonant states inside the central electrode is negligible.

Index Terms—Fano factor, magnetic noise, resonance tunneling devices, shot noise, tunnel magnetoresistance.

I. INTRODUCTION

HE discovery of huge magnetoresistance effect in

Fe/MgO/Fe magnetic tunnel junctions (MTJs) has
enormously increased the interest in spin-dependent electron
transport in magnetic nanostructures with MgO barriers [1]-[4].
These junctions are actually crucial for most of the modern
spintronic devices. Recently, nanostructuring of insulating bar-
riers with single quantum dots [5], arrays of nanoparticles [6],
[7], or magnetic layers [8] have been considered as a way to in-
crease control of the tunnel magnetoresistance (TMR) through
mechanisms which involve electron interactions and correla-
tions inside the barriers. The latter effects become revealed
as resonant tunneling through quantum well states (QWSs) in
the linear limit or may create spin/charge accumulation and
spin torque oscillations of the magnetically soft middle layer
in the non-linear regime [9]. Indeed, Berger [10] predicted a
strong reduction of the critical current density needed for spin
oscillations by a factor of about six in double-barrier magnetic
tunnel junctions (DMTIJs) in comparison with MTJs. The
reduction of the spin torque threshold has been reported so far
only for DMTJs based on magnetic semiconductors [11]. The
presence of QWSs in the central layer may further enhance the
spin torque efficiency of the DMTJs [12], [13].

Being a consequence of the discrete nature of charge carriers
taking part in the non-equilibrium transport of charge, spin, any
other kind of matter/energy flow, shot noise (SN) offers a unique
tool to investigate correlations and coherency of electron tun-
neling at the nanoscale, beyond the capabilities of dc electron
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transport measurements [14]-[16]. The control of spin diffu-
sion and coherency in spin polarized tunneling remains one of
the key challenges limiting the further development of hybrid
magnetic nanostructures [10]. Generally speaking, the degree
of electron coherency defines whether the real DMTIJs are to
be considered as single coherent devices or just two decoupled
tunnel junctions in series.

In the absence of correlations, shot noise is Poissonian (full
shot noise) and is practically independent of frequency (up to
the quantum limit), with the noise power given by 5; = 2¢/ in
terms of the average current density I and the electron charge
¢. The Fano factor ' = S7/2el, which represents the normal-
ized shot noise, can be suppressed (¥ < 1) [14] or enhanced
(F > 1) [17] (even beyond the Poissonian value) by electron
interactions.

Spin dependent shot noise in DMTJs has been studied only
theoretically in the case of tunneling via quantum dots in
the Coulomb blockade [14], Kondo [18], and dynamic spin
blockade [19] regimes. The variation of shot noise with the
angle between magnetizations of ferromagnetic electrodes has
been also analyzed [16]. With a single exception [20], the scope
of experimental efforts was, however, limited so far mainly to
single barrier MTJs with sequential tunneling via defects [21]
or with direct tunneling [22].

Our paper reports a systematic investigation of the electron
tunneling statistics in double magnetic tunnel junction devices
by measuring shot noise in Fe/MgO/Fe/MgO/Fe DMTIs. Here,
we extend our recent report on the control of shot noise via
three different magnetic states in DMTJs by demonstrating that:
(i) there are generally four different magnetic states with four
different values of the shot noise and resistance, (ii) the shot
noise in the low bias limit indicates the possible influence of se-
quential tunneling processes, (iii) the influence of QWSs on the
shot noise decreases with temperature and is noticeably absent
around 60 K, (iv) conductance anomalies due to QWSs remain
nearly unchanged to T = 60 K.
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Fig. 1. Normalized magnetization hysteresis of the DMTJs, presenting three
different magnetic states.

II. EXPERIMENTAL DETAILS

The tunnel junctions were grown by Molecular Beam Epi-
taxy (MBE) on MgO (100) substrates under ultra high vacuum
(UHV) conditions, typically at a base pressure within the 10711
mbar range. Here we concentrate on electron transport and shot
noise measurements in a wide temperature range (between 0.3
K and 60 K) in DMTJs with two slightly different barriers,
which have the following structure (numbers in brackets repre-
sent thickness in nm): MgO//MgO(10)/Cr(42)/Co(10)/Fel(5)/
MgO(3)/Fe2(5)/MgO(2.7)/Fe3(10)/Co(30)/Au(10). Fe (100)
(bece structure) is epitaxially grown on MgO (100) (NaCl type
crystal) because of their similar lattice parameters (mismatch
about 3.7%), with the Fe lattice rotated 45° with respect to the
MgO. More details on the growth and characterization of the
samples can be found in [20]. Fig. 1 shows the magnetization
hysteresis of such a sample. Starting from a positive saturation
field, the magnetization reversal takes places in two steps
corresponding to two different antiparallel magnetic configura-
tions of the junction’s electrodes, as discussed later in the next
section.

The junctions patterned by UV lithography have an area of
400 xm?. The noise measurements are based on the cross-corre-
lation method, which removes uncorrelated noise from the am-
plifiers and the noise of the leads. We take into account the non-
linearity of the dynamic conductance while converting the ob-
tained voltage noise into current noise. The experimental setup
for conductance and shot noise measurements was described
previously in [20]-[22].

III. TUNNELING MAGNETORESISTANCS IN DMTJs WITH
ASYMMETRIC BARRIERS

Fig. 2(a), (b) presents the simultaneous measurements of the
resistance (solid curves) and shot noise (dots) for a fixed cur-
rent flowing through the DMTJ with some barrier asymmetry.
The observed resistance values and the resistance differences
between the four magnetic states reasonably correspond to the
structure of the DMT]J (absolute and relative MgO barrier thick-
nesses and junction area). In the following section we analyze
in detail the resistance as a function of the magnetic state of the
junction (see Fig. 2).

As long as the two MgO barriers differ only slightly, we are
able to observe four different resistive states, instead of the two
observed in single barrier MTJs. When the field is swept from
the one corresponding to the saturated P state (|||) (the ar-
rows indicate orientations of the magnetic moment of all elec-
trodes) to the opposite orientation, the magnetic configuration
first changes from the P state (lowest resistance) to the AP1
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Fig. 2. Shot noise and resistance at a fixed current during a magnetic field
sweep at T = 0.3 K (a) from positive to negative values and (b) from the
AP2; at negative fields back to positive fields.

(17]) state (highest resistance). This is because the central elec-
trode is magnetically the softest one. Further increase of the
magnetic field on the negative field side results in a switching
to the AP2; state (11]) with the resistance between the values
corresponding to the P and AP states. When, at this point, the
magnetic field is turned back to the positive direction, one can
switch the device (before the P state is reached) to a different
AP2, state (T|]) with antiparallel magnetic alignment of the
layers adjacent to the thicker MgO barrier.

IV. MAGNETIC FIELD DEPENDENCE OF THE FANO FACTOR
IN DMTIJs

Let us consider now the dependence of shot noise and re-
sistance on the magnetic state of DMTJs. Figs. 2(a) and 1(b)
compare the tunnel resistance of various magnetic states to the
corresponding Fano factors. We note that the Fano factor was
determined only for fields where the magnetic states are well
defined, i.e., outside the transition regions. One clearly observes
that: (i) the Fano factor is suppressed below the Poissonian value
(F < 1), and (ii) the Fano factor substantially (well outside the
error bars) depends on the magnetic state.

As Fig. 2 shows for T' = 0.3 K, the current (not the voltage)
was kept constant during the experiments. Below, we discuss
the details of the bias dependence of the shot noise and con-
ductance in the temperature range from 0.3 K to 60 K. As we
shall demonstrate below, the bias dependence of the Fano factor
could be influenced at low enough biases and temperatures by
the presence of quantum well states in the central (magnetically
soft) layer and by possible sequential tunneling through defects
inside the MgO barrier.

V. BIAS DEPENDENCE OF THE FANO FACTOR AND
CONDUCTANCE

Fig. 3 presents the bias dependence of the Fano factor in the
four different magnetic states at low temperatures (Fig. 3(a)),
variation of the bias dependence of the Fano factor with tem-
perature (Fig. 3(b)), and the bias dependence of the deviation
of the differential conductance from a parabolic background
(Fig. 3(c)). The analysis of the conductance anomalies in the
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Fig. 3. (a) Dependence of shot noise with voltage for four different magnetic
states. (b) Shot noise in the P state at 0.3 K, 4 K and 60 K. The effect of quantum
well states is gradually suppressed with increasing temperature. (c) The oscil-

lations in conductance due to QWSs are not affected by the temperature. The
curves have been offset for better observation.

wide temperature interval is expected to provide information on
the influence of quantum well states in the middle layer on the
electron tunneling.

As can be seen in Fig. 3(a), the range between +(0.2-0.5) V
shows constant values of the Fano factor for all four magnetic
states. These values will be used later for fitting the experimental
data to the theory. The Fano factor is estimated by measuring the
shot noise at each voltage for all states, which corresponds to the
frequency independent part of the noise spectrum. From the shot
noise values at very low biases, we extrapolated the noise at zero
voltage, which we subtracted from all shot noise measurements
as it corresponds to the noise of the amplifiers and electronics.
The measurements at 4 K and 60 K also include a thermal noise
correction (not considered in [20], where the shot noise data
were taken at 0.3 K). The shot noise is then normalized by the
full shot noise expected for each voltage, calculated from the
1-V curves for each of the different magnetic states.

Fig. 3(b) compares the bias dependence of the Fano factor in
the P state measured at temperatures of 0.3 K, 4 K and 60 K. One
can see the presence of strong anomalies in the bias dependence
of the Fano factor for biases approximately above 500 mV. The
relative magnitude of these quasi-periodic anomalies increases
with the applied bias and is weakly dependent on the magnetic
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Fig. 4. Comparison of the experimental values (points) and the theoretical re-
sults (lines) for the Fano factors measured in the same sample at (a) T = 0.3
K, with fitting parameters g = 100, « = 0.07, 3; = 5.7, 3> = 27.8, and (b)
T = 60 K, with g = 100, o = 0.08, 3, = 3.5, 32 = 28.3. The parameters
a and 3, » describe the barrier asymmetry and the spin filtering of each MgO
barrier (see [20] for details).

state. Another interesting feature is the evidence for some low
bias suppression of the Fano factor, especially noticeable for the
smallest negative biases. We tentatively attribute the above ef-
fects to the reduction of the shot noise due to the possible influ-
ence of multi-step sequential tunneling through defects. Indeed,
numerical calculations predict the presence of FeO and MgO
defect states in the Fe/MgO/Fe MTIJs at energies below 200 mV
[23]. The P state presents the smallest changes in the shot noise
at low biases, which could be due to a smaller spin accumula-
tion in this magnetic state.

The quasi-periodic Fano anomalies at highest biases gradu-
ally smear out when the samples are heated and become invis-
ible within the error bars when the temperature is around 60 K
(Fig. 3(b)). Surprisingly, the QWSs related features in the con-
ductance remain practically unchanged within the same temper-
ature interval (Fig. 3(c)).

VI. THEORETICAL MODEL

The experimental data on the shot n oise vs. temperature have
been fitted to the theory presented in [20]. A good agreement has
been obtained both for 7" = 0.3 Kand 7" = 60 K. Fig. 4 presents
the fit of the Fano factors estimated for all four magnetic states
for (a) 7' = 0.3 K and (b) 7' = 60 K. The experimental values
of the Fano factor are obtained by averaging over a range of
voltages where I is constant. In this case, the chosen range was
from 4200 mV to +500 mV for both temperatures. The agree-
ment between the experimental data and the theoretical results is
quite satisfactory, and it should be emphasized that now the four
different magnetic states have been compared to the predicted
behavior, whereas in [20] the shot noise was analyzed only for
three different magnetic states. As in [20], the relaxation times
estimated for this type of asymmetry remain the same (g = 100
for the sample shown in Figs. 2—4).
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VII. DISCUSSION

The model described above provides a new method of esti-
mating the spin relaxation time in the central magnetic layer of
DMT]Js. The theoretical fit of the data obtained for DMTJs with
different barrier asymmetries (due to various growth conditions)
considered in [22] gives g = 1 — 100 and spin relaxation times
7¢ of an order of 10~14-10~25, as obtained from the relation
g = d/vF T assuming the Fermi velocity equal to 10* m/s.

It is important, however, to stress the restrictions of the the-
oretical model used for fitting the experimental data. First, the
model does not take into account the bias dependence of the
barrier resistance. Apart from this, the shot noise is calculated
without taking into account resonant tunneling. The latter, how-
ever, should increase when the thickness of the central electrode
decreases. As we already mentioned, the model also does not in-
clude the influence of resonant tunneling through defect states
inside the MgO barriers. Finally, one could also mention the
possible spatial fluctuations of such parameters as the barrier
resistance (properties of tunneling junctions are mostly deter-
mined by small areas of conductive channels). All these factors
can be responsible for some deviations of the theoretical curves
from the experimental points in Fig. 4.

Finally, the different influence of temperature on the conduc-
tivity and shot noise may be accounted for as follows. Reso-
nant tunneling via QWSs is the main factor which affects the
conductivity, thus the anomalies in conductance are unchanged
up to rather high temperatures, where the peaks in the density
of states coming from QWSs decrease only slightly. From the
other side, shot noise is influenced mainly by the sequential tun-
neling mechanism. Seemingly, the sequential tunneling could
be affected by the resonant tunneling through QWSs at suffi-
ciently low temperatures, when the spin relaxation length be-
comes highest.

VIII. CONCLUSION

In conclusion, the shot noise in double-barrier magnetic
tunnel junctions could be effectively designed by assuming a
proper barrier asymmetry, and also can be controlled by the
relative magnetic alignment of the ferromagnetic layers and
applied bias. This versatility in control over the most funda-
mental noise source in electronics could be useful both for
vertical (e.g., spin current injection in semiconductors through
double MgO barriers) or lateral (e.g., quantum dots) electronic
structures.
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