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We report first-principles study of shot noise and tunneling magnetoresistance in Fe/MgO/Fe- /MgO/Fe
double-barrier magnetic tunnel junctions (MTJs). We mainly investigate the effects of disordered interfacial
oxygen vacancies and barrier asymmetry on the spin-dependent tunneling. It is found that interchannel scattering
induced by interfacial oxygen vacancies can substantially enhance the tunneling conductance of the antiparallel
magnetic configurations, and results in the dramatic decrease of tunneling magnetoresistance. Moreover, we
find the interfacial disorder scattering favors the sub-Poissonian tunneling process. As a result, Fano factors
of symmetric MTJs maintain at around 0.5, or are suppressed, while Fano factors of asymmetric MTJs
can all be significantly suppressed, illustrating the important correlations in tunneling induced by interfacial
disorders. Interchannel scattering induced by interfacial oxygen vacancies can effectively couple the electron to
high-transmission channels, enhancing the transmission and reducing the shot noise. In comparison with interfacial
disorder, middle-layer disordered Fe vacancies present limited modulation on the Fano factor. Increasing
the asymmetry of barriers can quickly decrease high-transmission channels, and make the tunneling process

Poissonian in double-barrier MT1Js.
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I. INTRODUCTION

The tunneling magnetoresistance (TMR) effect is one of
the most important spintronic phenomena featuring important
applications in magnetic sensors, magnetic random access
memory, etc. [1-5]. It is well known that the MgO based
single-barrier (SB) magnetic tunneling junctions (MTJs),
FM/MgO/FM (FM denotes ferromagnetic material), possess
a giant TMR effect due to the important spin-filtering ef-
fect of the device [6]. Besides single barrier MTJs, MgO
based double-barrier (DB) MTJs, FM/MgO/FM/MgO/FM,
have also received much attention due to their interesting
transport physics and important potential applications. In par-
ticular, in comparison with the SBMTJ, MgO based DBMTJ
features a spin dependent resonant tunneling effect [7—13],
more resistance states, reduced bias dependence of TMR
[14-18], enhanced current density and spin-transfer torque
effects [19-21], and enhanced TMR [22-24], as well as the
controllable noise-to-signal ratio [25,26], which are desirable
for practical applications. Therefore, the understanding of
the spin-dependent tunneling mechanism in DBMTJs is im-
portant for both technology and fundamental physics.

However, due to the stochastic nature of quantum trans-
port, understanding of the transport mechanisms at nanoscale
requires transport statistics, which is usually measured by a
set of cumulants including time-averaged current, shot noise,
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and skewness, etc. In most cases, only first-order cumulant
and related properties including conductance or /-V charac-
teristics, TMR ratio, and spin transfer torque are studied to
demonstrate various physical effects on the transport, while
the simulation and measurement of the higher-order cumu-
lants are very challenging for realistic nanoelectronics. The
second cumulant shot noise, measuring quantum fluctuation
of the current, is not only important for applications, but also
provides important information about the nature of transport
channels, unit of transferred charge, and other diagnostic
information. (For reviews, see Refs. [27,28].) Without cor-
relations, the transport can be described by the Poissonian
process with shot noise Spoisson = 2¢/. The deviation from the
Poissonian noise, measured by the Fano factor F = S/2el,
reflects the coherency and correlations of electrons, which
are not accessible by the time-averaged current. Therefore,
having both the current/conductance and shot noise is crucial
for analyzing the spin-dependent tunneling mechanism in
DBMTIs. It has been experimentally demonstrated that the
TMR and shot noise in DBMTJs shows important depen-
dence on the magnetic configurations and the asymmetry of
the MgO barriers [11,29], reflecting their important effects on
the spin-dependent tunneling statistics [25]. As far as we know,
to fit the experimental measurements, a phenomenological
model has been proposed with a couple of tunable parameters
for DBMT]Is [26]. However, how the realistic factors affect the
spin-dependent tunneling in DBMTIs is still unknown, espe-
cially the prominent effects of the inevitable disordered impu-
rities/defects. For the MgO-based SBMTIJs, previous studies
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have demonstrated that the disorders, including oxidation and
oxygen vacancies, etc., do have significant influence on the spin
dependent tunneling [30-38]. The first-principles simulation of
shot noise in MgO based SBMTJs has demonstrated that the
interfacial disorders can significantly modulate the tunneling
statistics in the minority spin channel of the parallel magnetic
state in junction with a thin MgO barrier, while all the other
spin channels maintain a nearly Poissonian tunneling process
[39,40]. However, DBMT]Is possesses distinct tunneling statis-
tics from SBMTIs, for example, symmetric DBTJs usually
feature F = 0.5 with a significantly sub-Poissonian tunneling
process, while SBTJs are mostly dominated by the Poissonian
process [26,27]. Experimentally, it has been reported that the
TMR of MgO-based DBMTIs can be significantly affected by
different annealing temperature [17,18]. Although there are
already many important theoretical studies on the tunneling
physics in DBMTIJs, the important effects of disorders on the
spin dependent tunneling statistics remain largely unexplored
for DBMTJs. Therefore, it is important to study the effects of
different realistic factors on the tunneling magnetoresistance
and shot noise in DBMTIs.

However, to analyze the transport statistics of the realistic
device with atomic disorders, the disorder average over the
transmission and shot noise is indispensable, and presents
a great challenge for the first-principles quantum transport
method. Aiming at solving this problem, three of the authors
have reported a first-principles generalized nonequilibrium
vertex correction (NVC) in coherent medium theory for simu-
lating quantum transport through disordered nanodevices [41—
43]. In this method, based on carrying out coherent potential
approximation (CPA) [44,45] to the Keldysh nonequilibrium
Green’s function (GF), a generalized nonequilibrium vertex
correction is developed to account for multiple impurity scat-
tering in the disorder averaged two-GF correlators [41-43]. For
the quantum transport through nanoscale devices, it is known
that the current and shot-noise power are given by (at zero
temperature) [27]

e 1294 R
I = _/ Tr[T(E)dE (D
h 12

R

and

2e2 [ N N
S = 7/ T[T (E) — T*(E)|dE, )
"

where T'(E) is the transmission matrix at energy E. It is known
that the computation of disorder averaged current/conductance
and shot noise involve the average of different two-GF correla-
tors, suchas GAT G® for 7', and G<I"G < for T2, where GR/A/<
are the retarded, advanced and “lesser” Green’s function, I’
is the linewidth function of the electrode [42,43]. Generally,
the average of any two-GF correlator requires including the
effect of multiple impurity scattering processes that correlate
the two propagators, giving rise to the vertex corrections.
The generalized CPA-NVC method derives nine NVCs to
account for the disorder scattering at nonequilibrium condition,
providing a complete VC set for averaging any two-GF
correlator. As a result, the disorder average of any two-GF
correlator consists of coherent and vertex correction parts.
The generalized CPA-NVC method provides a unified and
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FIG. 1. Schematic structure of MgO-based DBMTJ. The grey,
blue, orange, yellow spheres represent Fe, oxygen, Mg, and defects,
respectively. The electrodes extend to infinity.

effective way to obtain various transport properties, including
the averaged nonequilibrium density matrix, averaged cur-
rent/transmission, shot noise, and device-to-device property
which involve different two-GF correlators [42,43]. In combi-
nation with first-principles method, the effect of disordered
impurities/defects on the transport statistics of a nanoscale
device can be analyzed from first principles. In this paper,
we apply the first-principles generalized CPA-NVC to study
effects of different types of disorders on the spin dependent
conductance, shot noise, and tunneling magnetoresistance in
symmetric and asymmetric DBMT]Js.

Figure | presents a schematic structure of a DBMTJ with
two MgO-barrier containing atomic disorders. In our simu-
lation, the disorder is modeled by an alloy model A;_, B,
with x denoting the concentration of atom B. We mainly
investigate the symmetric DBMTJ with a symmetric barrier
of five-monolayer (ML) MgO and the asymmetric DBMTJ
with 5- and 7-ML MgO barriers (denoted as MTJ5-5 and
MTIS5-7, respectively.). We consider 4-ML Fe in the middle
FM layer because it is representative in the ultrathin regime and
has no strong coupling between the two interfacial Fe layers.
To demonstrate the important effects of interfacial disorder
on modulating the spin dependent tunneling, we consider two
types of distinct disorders including oxygen vacancies (OVs) in
the MgO barrier, and Fe vacancies (FeV) in the middle Fe layer
with disorder concentration x ranging from 0.2% to 10%. In
all our electronic structure calculations, the Von Barth-Hedin
form of local spin density approximation is employed for
the exchange-correlation functional [46]. We use 60 x 60 and
400 x 400 k meshes in the Brillouin zone (BZ) to converge the
electronic structure and transport properties, respectively.

II. SPIN DEPENDENT CONDUCTANCE

In this section, we investigate the effects of disorder on the
spin dependent tunneling in four different magnetic config-
urations of DBMTIs, including a parallel state P(111) and
three different antiparallel states of AP1(1]1), AP2(1l ),
and AP3(11]) with arrows from left to right denoting the
magnetization direction of the left electrode, middle layer,
and right electrode (please note that the states AP2 and
AP3 are equivalent in MTJ5-5). In Fig. 2, we plot the total
conductance and its coherent and vertex correction parts for
the majority- and minority-spin channels (defined with Fe
in the right electrode) in different magnetic configurations.
Figures 2(a)-2(c) present the results for P, AP1, and AP2
states of MTJ5-5 containing the same OV concentration x on
each interfacial MgO layer (denoted as Gp, Gap1, and G4 ps,
respectively). It is clearly seen that disordered interfacial OVs
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FIG. 2. Disorder dependence of conductance for different mag-
netic states of DBMTIJs. Panels (a)-(c) present spin-resolved and
total conductances vs interfacial OV x for P(111), AP1(1] 1), and
AP2(1] ) states of MTIJ5-5, respectively. Panels (d)—(f) and inset
of (f) present the results for P(111), AP1(1)1), AP2(1] ), and
AP3(11]) of MTIJ5-7. The insets of (b) and (e) represent total
conductances vs middle-layer FeV x with 2% interfacial OVs for
different magnetic states in MTJ5-5 and MTJ5-7, respectively.

play a significant role in all the spin channels. Importantly,
the presence of interfacial disorder substantially enhances the
total Gap; and G4py to become even comparable with Gp
which is slightly reduced by increasing the disorder x, pre-
senting the important effects of interfacial disorder scattering.
For example, for OVs x = 2%, Gap; = 3.9 % 10’462/}1 and
Gapr = 6.0 x 107*¢?/ h, significantly larger than the values
Gupr =13 x107%?/handGapr = 1.86 x 107%e?/hatx =
0.2%.

The conductance results versus interfacial OV x for MTJ5-
7 are shown in Figs. 2(d)-2(f) and the inset of 2(f) for the
respective four magnetic states of P, AP1, AP2, and AP3. In
contrast to the decrease of Gp in the symmetric MTJ5-5 as
shown in Fig. 2(a), Gp of the asymmetric MTJ5-7 is increased
with increasing interfacial OVs, presenting a different effect of
interfacial disorder. However, G4p1, Gap2, and G4 p3 of MTJ5-
7 present a quite similar dependence on the interfacial OVs to
that of MTJ5-5, but their magnitudes are reduced significantly
by the 2-ML thicker MgO barrier. Due to the asymmetry in
MTJ5-7, AP2 and AP3 are not equivalent. As shown in the inset
of Fig. 2(f), the asymmetry significantly reduces the magnitude
of Gaop3 in comparison with that of G4p,. For example, the
ratio Gap3/Gapr = 0.287 at x = 2% in MTJ5-7 compared to
the unity in MTJ5-5. However, in the meanwhile, the relative
difference between AP1 and AP3 is greatly reduced in MTJ5-7

compared to thatin MTJ5-5. In MTJ5-7, the junction resistance
is mainly determined by the part with 7-ML MgO, giving rise
to the small difference between AP1 and AP3.

In the inset of Figs. 2(b) and 2(e), we investigate the effects
of disordered Fe vacancies in middle Fe layer of MTJ5-5 and
MTI5-7 with 2% OVs on the interfaces. It is clear that FeVs
have a limited effect on the total conductance of all magnetic
states at low concentration but strong suppression on Gp at
high concentration. Therefore, for low concentration disorder,
the interfacial OVs play a critical role in the spin-dependent
tunneling in DBMT]J, and thus determine the transport property
of the device.

As shown in Fig. 2, the interfacial disordered OV present
significant effects on the spin dependent tunneling in different
magnetic states of MTJ5-5 and MTJ5-7. It is observed that,
for Gp, the presence of interfacial disorder quickly suppresses
the contribution of the coherent part, and enhances the vertex
correction part to quickly become dominant. Moreover, the
conductances of both spin channels in AP1, AP2, AP3 and
the minority-spin channel of P are all dominated by the vertex
correction part with monotonic increase with increasing the
disorder x. As known, the vertex correction part accounts for
the contribution of disorder induced interchannel scattering.
Generally, the presence of interfacial disorder lifts the limita-
tion of symmetry conservation that is required for tunneling in
a perfect device, and thus allows the electron to tunnel through
new channels formed by the interchannel scattering, giving rise
to both constructive and destructive effects of disorder.

Figure 3 presents the kj-resolved transmission function

Tky) = Tr[’i‘(kH)] (the overbar denotes disorder average)
for the spin channels dominating different magnetic states
of MTJ5-5 (left) and MTJ5-7 (right) with interfacial OVs
x = 0.002, 0.01, 0.05, and 0.10. It is apparent that, with
increasing the disorder, the patterns of 7 (k) in all magnetic
configurations become more and more diffusive, illustrating
the effects of interchannel scattering. For the majority spin of
the P state in MTJ5-5, at x = 0.002, it is clear that the dominant
contribution to conductance is the coherent resonant tunneling,
namely the hot ring around the BZ center in Fig. 3(a) on the left.
However, as known, diffusive scattering induces the destructive
interference that enhances backscattering, eliminating coher-
ent resonant tunneling channels [47]. As a consequence, G p, maj
is decreased with increasing interfacial disorder due to a
quickly suppressed contribution of coherent resonant tunneling
as shown in Fig. 2(a), in contrast to the results of all the other
spin channels.

From Fig. 3(a) on the right for x = 0.002, we can see that
the increase of 2-ML MgO on one barrier side greatly reduces
the transmission magnitude compared to the result of MTJ5-
5, substantially suppressing the contribution of the resonant
tunneling process. This is because the two more monolayer
MgO in MTJ5-7 can effectively reduce the coupling of the
electronic states from left and right electrodes that is required
for effective resonant tunneling [48,49]. For the electrons with
low transmission in a perfect tunnel junction, disorder induced
interchannel scattering can couple the electrons to tunneling
channels with higher transmission, exponentially increasing
the transmission of the electron. The increase of disorder
increases the strength of interchannel scattering, and thus
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FIG. 3. kj-resolved transmission for the dominating spin channels in P, AP1, and AP2 states of MTJ5-5 (left) and MTIJ5-7 (right) with
interfacial OVs x = 0.002, 0.01, 0.05, and 0.10. Here, k; € [—Z %] X [— % , %], where a is the lattice constant in the plane perpendicular to the

a’

transport direction. The scaling factor is given on the right-bottom corner for each subset.

enhances the coupling between different channels. Therefore,
we can find that the presence of disorder enhances the transmis-
sion in a wide range of BZ (Fig. 3), presenting the constructive
effect of interchannel scattering. As a consequence, the total
conductance of all the AP states and P states of MTJ5-7 can be
substantially increased with increasing the interfacial disorder
x. We have seen that disorder induced interchannel scattering
can play dominantroles in the transmission of all spin channels.
However, understanding of the disorder effects on the nature of
transport channels and tunneling statistics cannot be obtained
by only analyzing the transmission, and thus requires further
study of shot noise.

III. TUNNELING MAGNETORESISTANCE

We have shown the significant modulation on the spin
dependent conductance by disorders and asymmetry in the
MgO based DBMT]J. Here, we investigate the disorder and
asymmetry effects on the TMR, which is defined as TMR 4 p =
(Gp — Gap)/Gap- Figure 4 presents TMR results for different
antiparallel magnetic states in MTJ5-5 and MTJ5-7. Similar
to the effects of interfacial OVs in single barrier MTJ [32,35],
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FIG. 4. Disorder dependence of TMR for different antiparallel
magnetic states. Panels (a) and (b) present TMR vs interfacial OV
x for MTJ5-5 and MTIJ5-7, respectively. The insets of (a) and
(b) present TMR vs middle-layer FeV x for MTJ5-5 and MTJ5-7
with 2% interfacial OVs, respectively. The green, red, and blue
symbols represent TMRs for AP1(1] 1), AP2(1]|), and AP3 (11),
respectively.

interfacial OVs in DBMT]J can substantially reduce the TMR
value for all the AP states due to the significant enhancement in
their transmissions as shown in Fig. 2. For example, with x =
2% OVs, for MTI5-5, TMR 4p; and TMR 4 p5> are reduced to
820% and 500% from the corresponding values 2750%, 1880%
at x = 0.2%; for MTJ5-7, TMR 4p1 = 810% and TMR 4 p, =
140% while their values at x = 0.2% are 2860% and 470%,
respectively. As another important effect of interfacial OVs,
the difference between TMR 4p; and TMR 4 p; is becoming
smaller and smaller with the disorder x increasing and become
almost negligible above x = 6% for both MTJ5-5 and MTJ5-7.
However, DBMTJs with low concentration of interfacial OVs
still present giant TMR effects and the difference between
TMR values of AP1 and AP2 is still appreciable, presenting
multiple resistance states for applications in memory. It should
be mentioned that, without considering the contribution of
the interchannel scattering, namely the vertex correction part,
the TMR values are totally wrong in both magnitude and
dependence on disorders.

Furthermore, the TMR difference between AP1 and AP2 of
MTIS5-7 is significantly enlarged in comparison with MTJ5-
5, for example, the ratio TMRp; /TMR 4p; is 5.79 while
it is 1.64 for MTJ5-5 at x = 2%, presenting an important
consequence of the asymmetry. We also note that, due to the
asymmetry in MTJ5-7, the TMR of AP3 are very different from
the value of AP2 (note AP2 and AP3 are equivalentin MTJ5-5),
but is very close to the value of API. It can be seen that as
further increasing the asymmetry, the difference between the
resistance of AP3 and AP1 become smaller and smaller. As
a result, MTJ5-7 or more asymmetric DBMT]J still presents
two antiparallel magnetic states with appreciable difference,
same as the symmetric MTJ5-5. The insets of Fig. 4 present
the TMR values for MTJ5-5 and MTJ5-7 with FeV and 2%
interfacial OVs. It is found that FeVs change the TMR values
in a limited way compared to the effects of interfacial OVs
and asymmetry enlarges the difference between AP1 and AP2.
Similar to OVs, the increase of FeVs reduces the difference
between TMR values of AP1 and AP2. Therefore, in both the
symmetric and asymmetric DMTIJs, the interfacial disorders
play a determinant role in the spin dependent tunneling.
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FIG. 5. Disorder dependence of Fano factor in different magnetic
states. Panels (a) and (b) present spin-resolved Fano factor vs
interfacial OV x for MTJ5-5 and MTJ5-7, respectively. Panels (c)
and (d) present total Fano factor vs interfacial OV x for different
magnetic states in MTJ5-5 and MTJ5-7, respectively. The insets of (c)
and (d) represent Fano factor versus middle-layer FeV x for MTJ5-5
and MTJ5-7, respectively. The solid and vacant symbols represent the
respective majority- and minority-spin channels.

IV. SPIN DEPENDENT SHOT NOISE

Further understanding the spin dependent tunneling process
requires the second cumulant shot noise to obtain more in-
formation. Generally, in the noninteracting transport regime,
the low transmission channel, such as the normal tunneling
channel, presents a high Fano factor, featuring the uncorrelated
Poissonian process. However, the high-transmission channel,
such as the resonant tunneling channel, presents a significantly
suppressed Fano factor, reflecting the important effects of
correlation arising from Pauli principle due to high occupation
of the channel [27,28]. Thus, the Fano factor can be used
to detect the nature of transport channels, and reflect the
correlation induced by Pauli principle. In the following, we
study the Fano factor F = §/2e¢G to reveal the nature of
tunneling channels. In Fig. 5, we show the spin-resolved Fano
factors versus OV disorder x for MTJ5-5 and MTJ5-7 in (a)
and (b), and the total Fano factors in (¢) and (d).

For symmetric MTJ5-5, as seen from Fig. 5(a), Fano factors
for the two spin channels of the P and AP1 with symmetric
magnetic states all remain close to 0.5 with different interfacial
disorder x, agreeing well with previous theoretical predictions
for symmetric double-barrier junctions [26,27,50-52] (the
slight suppression below 0.5 for Fp min at low x and Fp ng
at high x is consistent with a previous report [53]). Therefore,
although interfacial disordered OVs can significantly affect the
tunneling conductance and TMR, the tunneling statistics in P
and AP1 of MTJ5-5 remains almost unchanged by the inter-
channel scattering of interfacial disordered OVs. However, for
AP2 of MTIJ5-5, due to the asymmetry in the spin dependent
electronic structure, the Fano factors of majority- and minority-
spin behave very differently from each other, and deviate from

the value 0.5, presenting different tunneling statistics from
P and AP1 magnetic states. In particular, for AP2, F4p2 maj
presents small suppression from unity at low concentration,
such as Fqprmin = 0.95 at x = 0.002, which is significantly
higher than 0.5, reflecting the Poissonian dominated process.
In the meanwhile, F4p) min iS substantially suppressed and
remains between 0.42 and 0.55 as x changes, revealing the
significant sub-Poissonian tunneling process in contrast to the
majority spin channel of AP2. However, with increasing x,
Fapomsj can be significantly decreased to become as low
as 0.52 at x = 10%, presenting significant sub-Poissonian
tunneling statistics induced by interfacial disorder. Such an
important suppression in Fapy mg is due to the increased
contribution of tunneling through high-transmission channels
(formed by disorder induced interchannel scattering) featuring
low Fano factor.

As shown in Fig. 5(b), the spin-resolved Fano factors of
MTIS5-7 present large differences in comparison with the re-
sults of MTJS5-5, presenting the important effect of asymmetry
on the tunneling statistics. In particular, for both spin channels
in P and AP1 states of MTJ5-7, the Fano factors present
important deviation from the value close to 0.5 as observed
in the MTJ5-5. For example, at x = 0.002, Fp m,j = 0.85,
Fapimin = 0.85, Fapi mj = 0.86 are significantly enhanced
over that of MTJ5-5. At the same time, F4ps min 1S enhanced
to 0.99 from the value 0.43 of MTI5-5, and F4ps maj is
suppressed to 0.71 from the value 0.95 of MTJ5-5, presenting
distinct effects of asymmetry on modulating the spin dependent
tunneling statistics. The enhanced Fano factor in MTJ5-7
implies the reduction or even elimination of resonant tunneling
channels compared to that in MTJ5-5, making the tunneling
more Poissonian, or uncorrelated. As an important effect of
interfacial disorder, for most of the spin channels, the Fano
factor is decreased with increasing x. The most dramatic effect
of interfacial disorder is found in F4 pp maj Which presents a fast
decrease to the minimum of 0.5 at x = 4% followed by a slow
increase. Similar to the Fgpy ma of MTIS-5, the decrease of
the Fano factor in MTJ5-7 can be attributed to the enhanced
ratio of high-transmission channel contribution to the total.

The insets of Figs. 5(c) and 5(d) present the total Fano
factor versus central FeVs x for MTJ5-5 and MTJ5-7 with
2% interfacial OVs. It is clear that all the Fano factors can
only be slightly modulated by FeVs, implying the small effect
of central FeVs on the spin dependent tunneling statistics.
Therefore, the tunneling statistics in different spin channels
are mainly determined by the interfacial disorders and barrier
asymmetry of the junction, and disorder in the middle Fe
layer takes limited effects on the spin dependent tunneling in
DBMT]Js.

In Fig. 6, we investigate the k-resolved Fano factor defined
as F(kj) = Tr[T (k) — T2(k)]/Tr[T(K;)] for the dominating
spin channels in different magnetic states of MTJ5-5 with
interfacial OVs x = 0.002, 0.01, 0.05, and 0.10. The value of
F (k) reveals the tunneling statistics of the incoming electron
with the wave vector k. For a wide range of k;, it is found
that the increase of disorder reduces the F(k;) for all spin
channels plotted for MTJ5-5. Most apparently, F'(kj) of the
majority spin channel of AP2 can be quickly reduced from
above 0.9 at x = 0.002 to about 0.5 at x = 0.1. It is notable
that F'(k;) of minority spin of AP1 is only slightly reduced,
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FIG. 6. kj-resolved Fano factor in the first Brillouin zone for the
dominating spin channels in P, AP1, and AP2 states of MTJ5-5 with
OV x = 0.002, 0.01, 0.05, and 0.10.

and remains close to 0.5 at each k; in the BZ. However, for
the majority-spin channel of P, we find that, in the red circle
region with high transmission as shown in Fig. 3(a) (left),
F(Ky) is enhanced from the value close to 0.4 at x = 0.002
to above 0.5 at x = 0.1 while the corresponding T (k) is
reduced, revealing the important destructive effect of disorder
on coherent resonant tunneling channels.

Figure 7 plots the F(k;) for the dominating spin channels
in MTJ5-7. Similar to the results of MTJ5-5, the increase of
interfacial disorder reduces F (k) withincreased T (k) in most
areas of the BZ for all spin channels in MTJ5-7 as shown in
Fig. 7. However, except the AP2, the Fano factors of P, AP1,
AP3 of MTJ5-7 presented in Fig. 7 are significantly enhanced
compared to the results of MTJ5-5 in Fig. 6. In particular, for
the majority spin of Pin MTJ5-7 atx = 0.1, F(k) is about the
value 0.7 while it is close to 0.5 in MTJ5-5. Such an increase
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0.65
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0.82
0.77

(a) x=0.002 (b)
o . O

x=0.01

FIG. 7. kj-resolved Fano factor in the first Brillouin zone for the
dominating spin channels in P, AP1, AP2, and AP3 states of MTJ5-7
for OV x = 0.002, 0.01, 0.05, and 0.10.

5-5 5-7 5-9 5-11
Asymmetry

FIG. 8. Barrier asymmetry dependence of the Fano factor in
different magnetic states. 5-5, 5-7, 5-9, 5-11 represent MTJS-5,
MTI5-7, MTJ5-9, MTJ5-11 with 3% interfacial OVs, respectively.

in F(ky) of MTJ5-7 reveals that the contribution of high-
transmission channels to the total is reduced in comparison
with thatin MTJ5-5, reflecting the decreased coupling between
the electronic states of electrodes in MTJ5-7. We note that the
increased 7'(k) in Fig. 3 corresponds to the reduced Fano
factor F(k;) in Figs. 6 and 7 in a wide range of BZs. The
increase of disorder increases the coupling of the electrons to
the existing high-transmission tunneling channels, resulting in
ahigher transmission with a lower Fano factor. As an important
feature of disorder effects on the k-resolved Fano factor, the
increase of interchannel scattering uniformize the F(k) in the
whole BZ as seen from Figs. 6 and 7, eliminating the symmetry
dependence.

To further investigate the asymmetry effects on tunneling
statistics, we calculate another two MTJs including MTJ5-9
and MTJ5-11 with 3% interfacial OVs and compare the Fano
factor results in Fig. 8. It is clear that, at the very asymmetric
MTI5-11, all the Fano factors are all very close to unity,
presenting the Poissonian dominated statistics. Therefore, as
the asymmetry increases, the correlation induced by Pauli
principle can be significantly decreased, and become even
negligible in MTJ5-11. It is notable that, for all the asymmetric
DBMTIJ calculated in Fig. 8, F4p; presents an important
suppression compared to other magnetic states. Starting from
MT]IS5-7, all the Fano factors increase monotonically to finally
reach unity. Compared to the symmetric DBMTJ, increasing
barrier thickness on one side in the asymmetric DBMTJ
exponentially reduce the effective coupling of the states in
two electrodes that is required for the formation of high-
transmission channels. As a result, the contribution of high-
transmission channels can be quickly decreased and finally
eliminated, enhancing the Fano factor and finally resulting
in the Poissonian dominated process in the very asymmetric
junctions. Our observations on the effects of asymmetry are
consistent with the experimental measurement [25].
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To check if our conclusion on the disorder effects of
interfacial OVs and FeVs is generally applicable, we carried
out calculations for DBMTJs with 8-ML Fe in the middle
FM layer. We found that the disorder induced interchannel
scattering (by interfacial OVs or FeVs) plays similar roles
in spin dependent tunneling in DBMTIJs with 4- and 8-ML
Fe in the middle FM layer. The thickness of the middle Fe
layer affects the specific value of spin dependent conductance,
magnetoresistance, and shot noise, but does not change the
general effects of interchannel scattering induced by interfacial
OVs and FeVs on the tunneling statistics in DBMT]Js.

V. CONCLUSION

We have carried out first-principles study of the effects of
different modulations on the shot noise and tunneling magne-
toresistance in Fe/MgO/Fe/MgO/Fe double-barrier magnetic
tunneling junctions, including interfacial oxygen vacancies,
Fe vacancies in middle layer, and the barrier asymmetry. It
is found that the presence of interfacial disorder favors the
sub-Poissonian tunneling process in different magnetic states
of the junction. As an important consequence, the Fano factors

of the junction with symmetric barrier maintain around the
value of 0.5 or can be decreased by interfacial oxygen va-
cancies, while all Fano factors of asymmetric junctions can be
significantly suppressed. The suppressed shot noise reflects the
enhanced contribution of high-transmission channels formed
by interchannel scattering, reflecting the increased correlation
due to Pauli principle. Moreover, the interchannel scattering by
interfacial oxygen vacancies can dramatically reduce the TMR
by significantly enhancing the transmission of antiparallel
magnetic states. Compared to the interfacial oxygen vacancies,
Fe vacancies in the middle layer have limited effects on the
shot noise. In addition, The increase of the barrier asymmetry
exponentially reduces the effective coupling of states from
electrodes, quickly decreasing high-transmission channels to
finally present Poissonian dominated process in the very
asymmetric junctions.
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