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ABSTRACT

In magnetic tunnel junctions (MTJs), an antiferromagnetic iridium manganese (IrMn) layer neighboring a ferromagnetic electrode is
indispensable for pinning the magnetization of the ferromagnet. The effect of its antiferromagnetism on adjacent ferromagnet and, thus, the
quantum transport is, nevertheless, scarcely studied. Here, we investigate the role of antiferromagnetically orientated Mn spins in IrMn on
the spin-dependent tunneling transport in IrMn/FeCo/MgO/FeCo/IrMn MT] by analyzing the tunneling magnetoresistance (TMR) effect.
The opposite spin orientation of Mn induces the mixing of Bloch symmetries, A; and As, irrespective of the spin alignment of the FeCo
electrode. This auxiliary contribution from the Mn spins improves the tunneling in majority- and minority-spin channels in parallel config-
uration. In the antiparallel configuration, the tunneling in majority- and minority-spin channels is non-identical. The TMR as high as
8643% is obtained under equilibrium. In addition, the non-equilibrium behavior of TMR and the spin-filtering effect are examined in the
voltage bias range of 10-50 mV. The TMR ratio of 3600% with the spin-filtering efficiency of ~98% is maintained at 50 mV, presenting the
MT] as an effective spin-filtering device robust to the bias endurance. Finally, it is speculated that our device structure can be a potential
spin-orbit torque-based MTJ that offers a giant TMR and promotes upscaling of the generation of multi-bit devices with a simplified
design strategy.
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I. INTRODUCTION Generally, it consists of an ultrathin insulating barrier sandwiched
between two ferromagnetic electrodes, the relative spin alignment of
which governs the high and low resistance levels leading to a tunnel-
ing magnetoresistance (TMR) effect. To accomplish this effect, the
fundamental requirement is to fix the spin alignment of one of
the ferromagnets, called the pinned layer, while rotating the spins of
the other, called the free layer. The pinned layer, however, cannot fix
its spin alignment intrinsically but requires an auxiliary antiferro-

Recent advances in probing antiferromagnetic materials for the
use of active elements in spintronic devices have shown that their
antiferromagnetic spin orientation beneficially impacts the spin-
dependent transport properties.' This effect is observed in devices
employing collinear antiferromagnetic (AFM) materials. Spin-based
devices incorporating collinear AFM layers have thus become a

subject of interest in order to understand the role of their opposite magnetic layer called a pinning layer. Quite often, IrMn is chosen as
spin orientation on transport properties. One such widely used the pinning layer in constructing commercial MTJs. The only func-
device is the magnetic tunnel junction (MT]) wherein a collinear tion IrMn performs is to exchange couple the adjacent ferromagnet
IrMn is an integral layer as discussed later. MT]J is the cornerstone and fix its spin alignment typically by the insurgence of exchange
for reading and writing information in spin-based memory devices. bias effect. It was difficult to utilize IrMn or any antiferromagnet,
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per se, for other practical purposes despite their favorable spin-
dependent properties because of the lack of development in reading
or writing of AFM spins. However, over the years, with development
in controlled detection and manipulation of antiferromagnetism,
IrMn has manifested itself as a potential active layer, replacing most
non-magnetic heavy metals (NM-HMs).”™”

These NM-HMs are usually integrated in spin-orbit torque-
based magnetic tunnel junctions (SOT-MT]Js) as a channel layer,
specifically adjacent to a free layer to switch its local magnetiza-
tion direction.'’”"” SOT originating from their strong intrinsic
spin-orbit coupling (SOC) generates spin currents that induce
a magnetization switching through which the data are written.
Reading of the data is achieved by the tunneling magnetoresis-
tance (TMR). Typically, a major shortcoming of SOT-MTJ is its
low TMR read-signal, and the top-pinned multilayer stacking makes
it further challenging to improve.'"” Previous experimental reports
suggest that it is advantageous to replace these NM-HM layers used
to channel the SOT-write-current with an antiferromagnetic (AFM)
metal possessing strong SOC, such as IrMn.*” It can provide com-
bined functionality such as large SOT efficiency and strong interfacial
exchange coupling to manipulate the local magnetization direction.
Doing so will help accomplish a field-free SOT device wherein an
external magnetic field application also seems inessential. In this
case, the exchange-bias field (EBF) of IrMn assists SOT-induced
magnetization switching. Thus, IrMn is also being explored compre-
hensively as an active layer for the SOT-based device design. It is,
therefore, tangible from past research advances that IrMn is a vital
layer neighboring a ferromagnet in various magnetic heterostructures
built to realize a wide range of magnetotransport phenomena. It can
be beneficially employed as both a pinning layer neighboring a
pinned layer and a channel layer neighboring a free layer. Despite its
extensive application, the impact of its antiferromagnetic orientation
on TMR in MTTJs is less known.

The TMR effect is explained based on the symmetry-filtering
theory adopted by Butler for a simple barrier model.'* The cou-
pling between the same type of A symmetry bands near the Fermi
energy along the (001) direction helps the wave to propagate
toward and tunnel through the MgO-barrier. Otherwise, the wave
continues to decay further within the barrier itself. The rate at
which the wave decays within the MgO barrier depends on the
number of nodes possessed by each orbital constituent of the respec-
tive A symmetry."” As a result, any reconfiguration of s-derived or
d-derived orbitals in the FM electrode will either decrease or increase
the decay rate of the wave within the barrier. Now, as validated previ-
ously, when an NM-HM is incorporated in MgO-based MT] such as
NM-HM/FEM/MgO/FM, the d-derived orbitals of FM electrode get
reconfigured due to d-d hybridization between NM-HM/FeCo.”"™**
As a result, the most significant change was observed in the conduc-
tance of the minority-spin channel majorly constituted by the
d-derived orbitals.

In parallel with these findings, the impact of an AFM IrMn
layer on the tunneling transport is explored with anticipation that
it might have a more beneficial impact on both, the majority- and
minority-spin channels, compared to NM-HMs importantly
because of its local AFM spin orientation. Using the first-principles
method, we report improvement of TMR in a full symmetrical
IrMn|FeCo|MgO|FeCo|IrMn structure. First, a vivid demonstration
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of this improvement is presented by studying the density of scatter-
ing states in the IrMn|FeCo|MgO|FeCo|IrMn structure (hereafter,
IrMn-MTJ) and comparing it with the FeCo|MgO|FeCo structure
(hereafter, FeCo-MTY]). It is found that the s orbital character is
reconfigured by one of the Mn-atoms, which decreases the decay
rate in the majority-spin channel of parallel configuration. The
AFM spin orientation of Mn-atoms operates in combination with
the ferromagnetic spin alignment in FeCo. By analyzing the density
of local states, we show that because of the opposite and simultane-
ous presence of spin-up and spin-down orientation of Mn-atoms, a
mixed contribution of A; and As symmetries is observed in the
majority- and minority-spin channel of parallel configuration.
Furthermore, by exploring and comparing the electrostatic poten-
tial profiles, transmission probabilities in the two-dimensional
Brillouin zone; the density of states along the direction of transport
(z direction); and, finally, the non-equilibrium I-V curves, for par-
allel (P) and antiparallel (AP) configurations, it is seen that spin
polarization appears in AP as well. Meanwhile, the recent experi-
mental study in the IrMn|CoFeB|MgO structure’* discovered that
the AFM spin orientation in the IrMn channel layer and spin align-
ment in the adjacent CoFeB layer can be manipulated indepen-
dently. Hence, switching between parallel and antiparallel spin
alignments within the FeCo layers seems experimentally realizable,
despite appending IrMn layers. Moreover, our structure may
promote the merits essential for a promising SOT-MTJ such as
(i) a purely electric-field driven device, (i) MTJ with multiple
SOT-write-channels, and (iii) a giant TMR ratio providing a solu-
tion to overcome the low TMR problems otherwise experienced by
the SOT-MTJ."°

Il. COMPUTATIONAL DETAILS

The IrMn|FeCo|MgO|FeCo|IrMn MTJ structure investigated
in this work is a stack of five monoatomic layers (MLs) of each,
along the (001) direction. It is periodic along the x- and y-direction
with in-plane lattice fixed to 2.83 A.”>” The out-of-plane lattice is
determined by total energy relaxation. Relaxation is performed
using the plane wave pseudopotential technique implemented in
Vienna Ab Initio Simulation Package (VASP)*° until the forces
acting on each atom are smaller than 0.01eVA . A k-mesh of
25 x 25 x 1 and a cutoff energy of 550 eV ensured sufficient con-
vergence of the forces.

Here, a collinear CuAu-I-type IrMn is considered, which
by far remains the material of choice in manufacturing magnetic
memory devices. This binary alloy”” belongs to Dy, local symmetry
and P4/mmm (No. 123) space group > with lattice parameters
x=y=3855A and z=3.643 A7 It exists in a face-centered
tetragonal (FCT) Llg-structure which can be reduced to a
CsCl-type B, structure, as shown in Fig. 1(a).””*’ The top-view of
the epitaxial interface geometry of IrMn(001)[110]||FeCo(001)[100]
is plotted in Fig. 1(b).”*" As a result, the in-plane lattice of
B,-IrMn is constrained to x/v/2 = 2.73 A, resulting in a minimal
lattice mismatch of —2.46%. The binding energy and the total
free energy calculations’® are performed in IrMn/FeCo and
IrMn/FeCo/MgO stacks to inspect the interface stability. Ir-Fe
termination is found energetically more favorable where Ir binds
on a hollow site with Fe.

27,28
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The quantum transport properties are calculated via the
Keldysh-nonequilibrium-Green’s-function formalism combined with
real-space density functional theory (NEGF-DFT) as implemented in
Nanodcal”” package. The two-probe device model with the central
scattering region (CSR) is shown in Fig. 1(c). The self-consistent cal-
culation is performed using the double plus polarized (DZP) atomic
orbitals basis with an electron kinetic energy cutoff of 5000 eV.
During self-consistent calculations, the Hamiltonian matrix
and the density matrix were converged down to less than 10*
Hartree with a kj-mesh sampling of 10 x 10 x 1 for the CS region
and 10 x 10 x 100 for the leads. The same PBE-GGA functional
was used in both structural relaxation and quantum transport calcu-
lations. The spin-decomposed conductance G, is given by the
Landauer-Biittiker formula as,

e
Go =~ To(ky, Ep),

1)
h Ky

where T5(Kk||, Er) is the transmission coefficient at Fermi Energy Er
with spin o= (], T) and an in-plane Bloch wave vector
k| = (ki ky). e is the charge of an electron and / the Plank’s cons-
tant. To evaluate the transmission coefficient and the conductance a
denser k||-mesh of 300 x 300 x 1 is used for all spin channels.

The tunneling magnetoresistance (TMR) is defined as,

Gp — Gap
Gap

TMR = (2)

where Gp and Gup are the total conductance for parallel (P) and
antiparallel (AP) spin alignments, respectively, within FeCo layers.
Here, we consider collinear magnetic spin moments within the
MT] structure, without SOC. Figures 1(d) and 1(e) plot magnetic
moments of the atoms within the central scattering region for
Parallel and AP, respectively.

Next, the charge density distribution verifies a perfect match-
ing across the boundaries between the leads (IrMn) and the central
scattering region (IrMn-MTJ) as shown in Fig. S1 in the
supplementary material. In addition, Fig. S2 in the supplementary
material plots the sparsity patterns of the Kohn-Sham Hamiltonian
matrix elements permuted to confirm the iterations of the antifer-
romagnetic orientation of the Mn spins. Furthermore, because
IrMn and FeCo are both metallic and magnetic, understanding
these layers’ behavior and interfaces seems necessary. We therefore
study the potential profiles for P and AP as shown in Fig. 1(f).
In P, a clear uniformity is seen between the incoming (left) and
outgoing (right) IrMn, FeCo, and the interfaces. On the other
hand, a difference in the AP profile is seen at the outgoing (right)

TABLE I. The calculated conductance G, (in units of e?h~") and the TMR ratio.
G (G5') defines the spin-dependent conductance of majority (minority)-spin
channel in P, while Gl (Gx5) defines the majority (minority)-spin channel in AP

G} Gyt Ghh G TMR
7.6x107* 24%107° 7.4%107° 1.6x107° 86.4
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IrMn, FeCo, and the interfaces also magnified in the inset of
Fig. 1(f). The difference in the FeCo electrodes is obvious due to
the asymmetry induced by relatively opposite spin alignment while
the difference in the IrMn layers seems intriguing.

lll. RESULTS AND DISCUSSION

The obtained spin-dependent conductance and TMR for
IrMn-MT]J are tabulated in Table I.

We first compare the improvement of tunneling transport in
IrMn-MTJ with the FeCo-MT] by analyzing the density of scatter-
ing states (DOSSs). In an open two-terminal device, the density of
scattering states (DOSS) vividly picturizes the scattering of eigen-
states, per interval of energy, traveling from the left electrode
(z = —o0) to the right electrode (z = +o0) through the central
scattering region.”” Generally, in MTJs with MgO as a barrier, the
tunneling transport is dominated by A; symmetry contributing at
ky =(0,0) in P! and by the resonance of interfacial states (mainly,
As symmetry) contributing at certain kj = (ks k,) in pi '8
Therefore, we primarily examine the improvement at k” = (0,0) in
P'T and at k| = (ks k) in P, In panel (a) of Fig. 2 the scattering
of A, states at k| = (0, 0) in P'T shows a minor change except for

FeCo MgO FeCo
(a) 100 £ T T T T LI T T
: i k=00
S0 g ' 1
2 : i Direct =
2 : ) i Tunneling 8
2 H f =3
0] : : S
n " Ny
O . 4 ! AN S :
a 10°F  — IrMn-MTJ - 2
t  ---- FeCo-MTJ i R
10~4 1 1 I 1 I 1
) , :
10% i
S o f
7 10%%
q’ F
© Fo.. !
2} 102 1 Resonant ]
@ i ; iQTunneIing E
8 10¢} 5
. — IrMn-MTJ -9
£ ---- FeCo-MTJ : 9.7
10—6 [ Ll 1l 1
6 10 15 20
Layer Number (ML)

FIG. 2. Layer-resolved density of scattering states (DOSS). (a) shows Aq symme-
try contributing to the direct tunneling at k= (0,0) in the majority-spin for P. (b)
shows As symmetry contributing to the resonant tunneling in the minority-spins
for P at kj = (£0.25, +0.37)z/a in I'Mn-MTJ and k= (£0.42, +0.24)z/a
in FeCo-MTJ. The solid- and dashed-line indicate IMn-MTJ and FeCo-MTJ,

respectively. The vertical dashed line marks the interface.
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the outgoing FeCo electrode and MgO/FeCo interface. The As
states at k| = (ky, k) in P in panel (b) of Fig. 2 scatter with a sig-
nificantly large difference of almost two orders of magnitude. We
speculate that the cause of an increase in the interfacial states by
the lattice strain on IrMn’” also might play a role apart from the
magnetic nature of IrMn. In IrMn-MT] the resonant tunneling
peaks at k| =(£0.25 £0.37)r/a and in FeCo-MT] at
k| = (£0.42, £0.24)7/a.

Earlier, it has been reported that the change in the scattering
of states at an outgoing interface, such as an electrode/capping
interface, can be assigned to the orbital hybridization. The change
at an outgoing MgO/electrode interface was not observed then and
hence was not discussed.”’”” However, in this work, the change is
observed at the outgoing FeCo/IrMn and the MgO/FeCo interface,
as seen in Fig. 2(a). In FeCo-MT]J, the A; states continue to decay
at the same rate until they cross the interface and reach Fe-atom.

Mn,(T) Ir Mn,({)

Ir (interface)

ARTICLE pubs.aip.org/aip/jap

On the contrary, in IrMn-MT]J, a sudden change in decay occurs
almost two layers before the interface, suggesting that the IrMn layer
influences the orbital hybridization at the MgO/FeCo interface as
well. To confirm this phenomenon, we study the density of local
states (LDOS) projected on each orbital character as shown in Fig. 3.
Clearly, the s, p,, and d» orbitals which constitute the A; symmetry
seem to have reconfigured in the MTJ in Fig. 3(a). More precisely, it
is observed that a new shoulder follows the main peak at approxi-
mately —1.0 eV, originating from the Mn,-atom () [see Figs. 3(b)
and 3(c)]. These Mn-atoms contribute only to the reconfiguration of
s and d,» while that to the p, is almost negligible. Nevertheless, s
and d,. tend to constitute a major part of the A; symmetry in
metals.'” The p, character is mainly reconfigured by the interfacial
Fe- and O-atoms (LDOS not shown). The appearance of the shoul-
der to the main peak in p, and d,> in the LDOS of MTJ in Fig. 3(a)
suggest that the shoulder in d. of Mn, and in p, of interfacial

FIG. 5. kj-resolved local density of
states (LDOS) projected on each atom
of the IrMn layer. (a) and (b) depict A4
and As states, respectively, for
majority-spin in P. (c) and (d) depict A
and As states, respectively, for minority-
spin in P Mny( 7 ) and Mny( | ) indicate
the antiferromagnetic spin orientation of
Mn atoms. Ir (interface) indicates the Ir
atom at the IMn/FeCo interface. The
side color bar represents the distribution
of LDOS on a linear scale.
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atoms regulate the basic d — p orbital hybridization at the MgO/
FeCo interface. This regulation can explain the change in the decay
rate of A; state at the outgoing interfacial O-Fe atoms. On the other
hand, the minor change in the decay rate within the MgO-barrier
might originate from the reconfiguration of the s orbital. The decay
rate within the MgO-barrier depends on the number of nodes in the
orbital character. Therefore, any modification in s-derived character
should assist in lowering the decay rate.'” It is important to note is
that only one of the Mn-atoms, ie, Mn; that favors the local
spin-orientation of the adjacent FeCo electrode contributes to the
shoulder peak, whereas Mn, with opposite local spin-orientation
does not. This proves that the reconfiguration of the A; state is asso-
ciated with the magnetic property of Mn atoms in the IrMn layer
and not with the material property.

The discussion of the preceding paragraphs applies to the tun-
neling at only specific points in the kH—space, ie., at kH = (0,0) in
P! and kj = (ky, k) in P!}, to provide a compendious demonstra-
tion of an improvement in transmission after incorporating IrMn
layers. However, it should be emphasized that the tunneling trans-
mission is an integration over all k-points in the two-dimensional
Brillouin zone (2DBZ) at Fermi energy (Ef) for every spin channel.
To understand the microscopic behavior, the transmission proba-
bility as a function of k-space for P and AP alignments of FeCo
electrodes are studied [see Figs. 4(a)-4(d)]. In Fig. 4(a), for P!, a
remarkably high peak at k| = (0,0) is accompanied by multiple

IrMn FeCo MgO FeCo IrMn

(b)

—
(¢}
-~
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other high peaks close to kH = (0,0). This indicates that the large
transmission at and around k = (0,0) might not be entirely domi-
nated by A; symmetry but is also contributed by other symmetries.
A; symmetry typically exhibits a single and broad Gaussian-like
peak at k| = (0,0)."* This symmetry mixing, however, does not tend
to disturb the direct (coherent) tunneling through the MgO barrier,
which is confirmed by the high peak at k; = (0,0). The transmission
for PH in [Fig. 4(b)] is dominated by the sharp resonant peaks (hot-
spots) at kj= (+0.25, +0.37)7/a, reminiscent of what happens in
FeCo-MT]. However, the transmission at and close to kj = (0,0) is
not relatively negligible. For AP'' and AP!!, the transmission is
completely non-identical as seen in Figs. 4(c) and 4(d).

Before moving on to the non-identical characteristics of the
transmission for AP alignment, we discuss the occurrence of
symmetry-mixing for P alignment. Figures 5(a)-5(d) summarize the
symmetry-resolved local density of states in kj-space projected on
each atom of the IrMn layer. The mixing of symmetry (A; and As) is
mostly visible in antiferromagnetically oriented Mn atoms. The con-
spicuous distribution of the states of the Mn-atoms suggests that the
contribution from A; states of Mn; and As states of Mn, coexist in
either P'T or P'! channel. Alternatingly, when one type of symmetry
state exhibits dominance at k| = (0,0), the other exhibits far away
from k| = (0,0). Panels (a) and (b) in Fig. 5 show that A; states of
Mn; are mostly concentrated close to X-point, while A5 states of Mn,
are concentrated at the I'-point and on the I'-X line. The pattern

IrMn FeCo MgO FeCo IrMn

FIG. 6. Projected density of states
(PDOS) along the direction of transport
(z-direction). (a)—(b) for P and (c)—(d)
for AP. The side color bar indicates the
occupation of PDOS on a logarithm
scale.
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displayed by the distribution of As states of Mn, in panels (b) and now analyze the density of states projected on every layer in the
(c) resembles the transmission pattern in panels (a) and (b) of Fig. 5, MT], along the direction of transport as plotted in Fig. 6. The elec-
close to k= (0,0). Strikingly, it is observed that the antiferromagnetic tron for P or for P* [see panels (a) and (b) of Fig. 6] encounters
spin orientation accumulates As states close to the center of the BZ, similar states on either side of the MgO barrier leading to a low
while dispersing the A; states around the edges. It is apparent that resistance. On the other hand, due to dissimilar spin alignment, the
(i) improvement in kj-integrated transmission can be induced by states in FeCo are different on both sides of the MgO barrier for
mixing of dispersed A; states in one of the Mn-atoms with A; states AP and for AP!! in panels (c) and (d) of Fig. 6, respectively. It is

in Ir-atoms and (ii) mixing of accumulated A5 states in one of the interesting to note that, the states in the outgoing IrMn also differ,
Mn-atoms with A; states in Ir-atoms induces improvement in trans- particularly, that of the Mn atoms. This means that changing the
mission at k= (0,0). This feature can be observed in panels (a) and spin alignment of the outgoing FeCo electrode, to achieve an anti-
(b) of Fig. 3. This confirms that the opposite spin orientation of the parallel configuration, has also changed the behavior of antiferro-
Mn-atoms is the central origin of symmetry-mixing that significantly magnetic IrMn. As a consequence, asymmetry in the potential of
improves the tunneling process in IrMn-MTJ. IrMn is observed in Fig. 1 panel (f). The asymmetry at FeCo/IrMn

Further, to intuitively understand how the antiferromagnetic interface magnified in the inset of panel (f) of Fig. 1 validates the
spin orientation in IrMn may affect the traversing of an electron magnetically imbalanced interfaces. Microscopically, as seen in

via the FeCo electrode by tunneling through the MgO barrier, we panels (c) and (d) of Fig. 6, neither the incoming nor the outgoing
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IrMn or FeCo offer identical occupancy of states for AP alignment.
Therefore, different transmission distributions are seen in panels
(c) and (d) of Fig. 5.

Finally, we study the non-equilibrium behavior of tunneling
by understanding I-V curve in the bias (V;) range of 10 to 50 mV
as displayed in Fig. 7. It is seen that the total current for P, I¥* is
governed by the I'T, while I!! is completely suppressed, resulting
in a better spin filtering efficiency (SFE) that is not disturbed by
antiferromagnetic spin orientation in the IrMn layer [see panel
(a) of Fig. 7]. Specifically, in panel (b) of Fig. 7, ' is entirely dis-
tinct from I!! for all V,, which confirms the non-identical behav-
ior of AP, discussed earlier. The total currents for P (I¥') and AP
(I?%) show a rather large difference leading to a large TMR of
~8643%, which gradually descends with increasing V;, as seen in
Fig. 7 panel (c). This non-equilibrium TMR is defined as TMR =
(" — T%)/15% with the total currents 1% and I, being the sum of
spin-decomposed currents, such as I = I'T + I for P. With vanish-
ing currents, the TMR at V;, = 0 is calculated using conductance at
equilibrium.” In addition, the magnitude of the output signal in
Fig. 7 panel (d) defined as Vs = V;(Rp — Rap)/Ryp increases line-
arly with unhindered SFE of ~99% [inset in panel (d) of Fig. 7].
SFE is defined as SFE = (I'T — I*)/(1'" + 1) for P. These results
suggest that an AFM IrMn layer can offer improvement of TMR,
without hampering the spin-filtering effect. Furthermore, in AP
[see Fig. 7 panel (b)], the non-identical feature displayed by I'! and
17 for all V, validates the distinguishing transmission distribution
in panels (c) and (d) of Fig. 5. It describes that a strong spin polari-
zation appears in AP, which further provides guidance to realize
and tune multiple resistance levels in IrMn-MT]J. Our MTJ struc-
ture can be ostensibly transformed into a multi-bit SOT-MT] with
appending IrMn layers acting as dual “write” channel layers.

IV. CONCLUSION

To summarize, the impact of an antiferromagnetic IrMn layer
on the tunneling transport is investigated in the IrMn/FeCo/MgO/
FeCo/IrMn magnetic tunnel junction, using a first-principles study.
We show that the antiferromagnetically opposite spins of Mn
atoms induce a Bloch symmetry-mixed tunneling over 2D-BZ. As a
result, the tunneling in both the majority- and minority-spin chan-
nels in P improves, and a large TMR is obtained (up to 8640%).
The non-identical transmission probabilities for AP'* and AP'T, the
asymmetry in the electrostatic potential profile, and the distinguish-
able I from I!T for all V, suggest a strong spin polarization in AP,
aside from PC. This means that the resistance levels can be tuned
and so does the TMR, depending on the AFM spin orientation in
IrMn and FM spin alignment in FeCo. Thus, our results propose
possibilities to improve TMR in SOT-MT]Js with simplified device
design. Moreover, it also paves the way to evolve multi-bit
SOT-MT]Js with dual “write” channels.

SUPPLEMENTARY MATERIAL

See the supplementary material for the charge density distri-
bution of lead-CSR-lead and the sparsity patterns of the
Hamiltonijan matrix elements.
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