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In spintronics, simultaneous realization of high tunneling magnetoresistance and low resistivity in magnetic
tunnel junctions (MTJs) is challenging because insulating layers with higher barrier heights generally generate
highly spin-polarized currents but increase resistivity. We overcome this trade-off relationship using Brillouin-
zone-folded bands at the interfaces in the Fe/spinel MgGa,O,/Fe MTJ. Interfacial resonant states that enhance
conductance are formed by folded bands, with Fe—O hybridization playing a key role in the resonant effect
intensity at the Fermi level. The electronegativity of cation Ga in spinel oxide MgGa,O;, is found to be a crucial
physical quantity to control an intensity of the interfacial-resonant effect from the comparative analysis with the

MgAl,O4-based MT]J.

DOLI: 10.1103/PhysRevB.102.144423

I. INTRODUCTION

Spin transport, which originates from two-dimensional
(2D) electronic structures, has the potential to enhance spin-
based phenomena [1]. In the spintronics field, one important
goal is the establishment of a method to realize a high mag-
netoresistance (MR) ratio and a low resistance-area product
(RA) simultaneously for spin applications to read and write
high-density stored data efficiently using low currents [2]. The
tunneling-MR (TMR) effect occurs in artificial ferromagnetic
multilayers that are separated by an insulator layer. High TMR
is expected to occur in magnetic tunneling junctions (MTJs)
containing well-crystallized insulators with a wide band gap.
However, this results in a higher RA due to the increased
barrier height [3,4]. Therefore, from a fundamental physics
viewpoint, there is special interest in ways to break the trade-
off relationship described above. To date, several approaches
have been used in attempts to overcome this situation [5-16],
but further breakthroughs are required. Here, we propose a
strategy to achieve high TMR and low RA simultaneously
using folded-band engineering at the interface in an MTJ.

Spinel-type oxides, AB,QOy4, offer rich controllability in
their structural and electronic properties via selection of their
constituent cations and compositions. Sukegawa, Miura, and
their collaborators have discovered and explored the capa-
bilities of spinel-oxide-barrier MTJs using experimental and
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theoretical techniques [17-24]. MgAl,O4 (MAO) is advan-
tageous in offering a small lattice mismatch with bcc-based
ferromagnetic materials. However, despite the realization of a
full-epitaxial Fe(001)/MAO interface without misfit disloca-
tions, rather low TMR was observed experimentally [18]. This
low TMR is caused by the bulklike band-folding (BF) effect,
where folding of the bulk Fe band along the in-plane direction
occurs because the lattice spacing of MAO is twice as large as
that of Fe. This causes a new conducting channel to be opened
in the minority-spin states and leads to the TMR reduction
[17]. However, higher TMR of more than 400% was observed
in subsequent experiments. This increase was understood to
be caused by atomic disordering in the cation sites of MAO,
which halves the effective lattice constant and suppresses both
the BF effect and the appearance of the minority-spin states
[18]. Very recently, this disordering effect was investigated
further using combined ab initio and machine-learning ap-
proaches [24].

Importantly, the BF effect occurs even at the interface.
Figure 1 illustrates the 2D surface states of the majority spin
at the Fe(001) surface. In the 2D primitive Fe cell [a = ag;
Fig. 1(a)], we see the density of states (DOS) characterized
by the I'-centered diamond shape and the DOSs near the
Brillouin-zone (BZ) boundaries on k, =0 and k, =0, i.e.,
where (k, k,) = (&7 /a, 0) and (0, =77 /a), but no such states
appear around I' [Fig. 1(b)]. In contrast, an Fe supercell
with a doubled in-plane lattice constant (a = 2ap.) has the
BZ shrunk to one quarter of the original size. The electronic
structures outside the first BZ are folded with respect to the
zone edges and additional states are thus formed around I'
[Fig. 1(c)], although no minority-spin states are found around
I'. These results indicate that the zone-folded 2D bands appear
at the Fe(001)/spinel interface and that the folded bands of Fe
can be connected with the evanescent states of the unfolded
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FIG. 1. (a) Top view of Fe(001) surface showing the primitive
(a = are) and doubled (2ag.) in-plane lattice constants. Illustrations
of the majority-spin surface DOS of the (b) primitive and (c) doubled
lattices in the 2D BZ. The first BZ in (c) is indicated by the bold line.
(See Appendix A for the detailed calculation results.)

spinel bands, which then contributes to the spin-dependent
tunneling conductance.

In this paper, we demonstrate that both high TMR and
low RA can be obtained simultaneously through interfacial
resonant tunneling in the majority spin caused by the BF effect
at the Fe/MgGa,04(MGO)(001) interface. This interfacial
resonant (IR) effect is induced by the folded-band structure at
the interface, which enhances the transmittance significantly.
A similar phenomenon occurs in the Fe/MAO/Fe MTJs, but
the contribution of the IR effect to the TMR is not as large
in this case. Interestingly, we find that the BF effect induces a
competition between the positive and negative contributions to
the TMR. The former is the IR tunneling in the majority spin,
while the latter, as reported previously [17], is the bulklike
coherent tunneling in the minority spin. We clarify that the
intensity of the IR effect originates from the electronegativ-
ities of the cations of Ga and Al. Our results, thus, open a
pathway toward the successful development of MTJ devices
with high TMR and low RA and toward the engineering of 2D
magnetism via the BF effect by appropriately selecting the B
element in Mg-based spinel oxides MgB, 0.

We mention that the experimental fabrication of the MGO-
based MTJ has been reported so far. Because the MGO bulk
crystal has an energy band gap of 4.9eV [25] that is smaller
than those of MAO (7.8 eV) [26,27] and rock-salt MgO
(7.58—7.8eV) [28,29], a lower barrier height is thus expected
in the MTJ with the MGO tunneling barrier. Experimentally,
an RA of ~10? Q um? (for a barrier thickness of ~1.8 nm)
has been obtained in an Fe/MGO/Fe MTJ [30]. This value
is several orders of magnitude smaller than the reported val-
ues for Fe/MAO/Fe MTJs [20,30], without simultaneously
sacrificing the TMR value; a TMR of 196% (121%) at low
temperature (room temperature) was reported in a MGO-MTJ
while a value of 165% (117%) was reported in a MAO-MT]J.
However, there have been no theoretical reports on the spin-
dependent transport properties of MGO-based MTIs to date.

II. MODEL AND METHOD

To model the MGO-MTJ, we prepared n monolayers
(MLs) (n = 9 ~ 25) of normal-type spinel MGO sandwiched
between five MLs of Fe with the in-plane lattice constant
fixed at 5.733 A, which corresponds to a 45-degree rotation
of the MGO unit cell and the doubled Fe lattice [Fig. 2(a)].
The in-plane lattice constant we used is consistent with that in
previously reported experiments [18,20,22,30]. For the MGO-
based MTJ, we confirmed that the Ga-site termination with O
on top of the Fe configuration is energetically favorable, as
consistent with the MAO-MT] reported previously [17].

The self-consistent electronic structures were computed
using the ultrasoft pseudopotential plane-wave method im-
plemented in the QUANTUM ESPRESSO code [31-33] using
the generalized gradient approximation for the exchange cor-
relation [34]. Cutoff energies of 30 and 300 Ry were used
for the wave functions and the charge density, respectively.
The BZ integration was performed using a 10 x 10 x 1
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FIG. 2. (a) MT]J structure composed of Fe(5)/MGO(n)/Fe(5), where the number of layers of each material is given in parentheses (n =
9 ~ 25). Barrier thickness dependencies of (b) TMR, (c) tunneling conductance, and (d) RA for MTJs containing MGO (blue). Results
for MTJs containing MAO (orange) and rock-salt MgO (black) are also shown for reference. In (c), closed (open) plots represent parallel

(antiparallel) magnetization condition.
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Monkhorst-Pack special k-point mesh. Full relaxation of all
the atomic positions was carried out until the forces acting on
each atom were minimized to less than 1073 eV /A.

The conductances were obtained by solving the scattering
equation with infinite boundary conditions where the scat-
tering wave functions and their derivatives are connected to
the Bloch states of electrodes. The details are described in
Refs. [31,35]. The optimistic TMR ratio (Gp — Gap)/Gap X
100 (%) was used, where Gp and Gap stand for the con-
ductances of the parallel and antiparallel magnetizations,
respectively, and the RA was evaluated from the parallel
state.

III. RESULTS AND DISCUSSION

Figures 2(b)-2(d) summarize the barrier thickness (¢) de-
pendencies of the spin-dependent transport properties through
comparisons with the MTJs containing the MAO and rock-
salt MgO barriers. (See Ref. [36] for the barrier thickness
definition.) The TMR ratio for the MGO-MT]J is 214% at
t=10.6A (n = 9) and increases to 572% as the barrier thick-
ness increases (f ~ 26.3 A; n = 25), as shown in Fig. 2(b).
Figure 2(c) shows that the conductance of the MGO-MTJ
with parallel magnetization decays more slowly than that with
antiparallel magnetization, leading to the increase in the TMR.
This is similar to the characteristics of the rock-salt MgO-MTJ
[37]. In contrast, the TMR in the MAO-MT]J remains almost
constant at ~75%; this occurs because the decays in the MTJ
conductances are almost the same for both the parallel and
antiparallel magnetizations. Because the MGO-MTJ shows
the highest conductance among the models investigated here,
the lowest RA is obtained at each of the barrier thicknesses
[Fig. 2(d)].

A major contribution to the spin-dependent transmittance
in the MGO-MT]J can be found in the remarkably high peaks
of the majority-spin states in the parallel magnetization case
at the transverse wave vector k; = (0, £0.06), i.e., slightly off
the I' [Fig. 3(a)]. This indicates that the “coherent” tunneling
that occurs at I' may not be the central origin of the TMR,
as was expected from the complex band calculation results
for bulk MGO (see also Appendix B). Figure 3(c) shows the
calculated projected tunneling DOS (PTDOS) for the local
atomic orbitals of O and Ga at the Fermi level (|cqen|?) at
k; = (0, £0.06). Here, cq¢n are the coefficients of the scat-
tering wave functions of the orbital and magnetic quantum
numbers £ and m, respectively, at the atom « [35]. We find
that the dominant contributions come from the s, p,, and d,
orbitals. These states are characterized as the A; symmetry
at k; = (0,0) and are responsible for the giant TMR that
occurs in bcc-based electrode MTIs [17,18,38-42], so we
refer to the AT symmetry hereafter. The magnitudes for the
other orbitals are all approximately zero (the results are not
shown). Additionally, a notable feature that can be observed
in Fig. 3(c) is that the PTDOS values are enhanced and show a
v-shaped structure on the right-hand side of the barrier, while
in contrast, they decay monotonically on the left-hand side.
This reflects the existence of the IR state [38]. A very large
wave-function amplitude appears at the interfaces, even for
electrons that are outgoing from the barrier region, and this
results in a large conductance for the majority-spin state. The
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FIG. 3. (a) Majority spin transmittance in parallel magnetization
in k; space and (c) PTDOS for the A states as a function of the
z position of the supercell at k; = (0, £0.06) in the MGO-MTJ
(n =25). (b), (d) The same for the MAO-MT]J but with (d) at k; =
(£0.02, £0.04).

absolute value of the PTDOS is the highest in the s orbital,
but the values in the p, and d,. orbitals are not negligible.
We also stress that the increase in the PTDOS begins at the
Ga;04 layer of the MGO located third or fourth from the
right interface, regardless of the barrier thickness. The low
RA mainly originates from the majority-spin resonant states
rather than from the intrinsic small band gap of MGO.

In the MAO-MT]J, as shown in Fig. 3(b), the highest
but rather broad transmittance peaks are obtained at k; =
(£0.02, £0.04), and relatively large transmittance is found
at I because of Al-symmetric coherent tunneling [17,43].
Figure 3(d) shows the rapid decays of the A¥ PTDOS. An
increase in the PTDOS can be seen at the right interface, but
the magnitude of this increase is quite small because the IR
effect is weaker than that in the MGO-MT]J, as we discuss
later. Apparently, the decay of the conductance in the parallel
magnetization case is not suppressed when compared with
that in the antiparallel case, as indicated in Fig. 2(c). Note that
for the antiparallel magnetization case, a broad transmittance
peak is found at I" in both the MGO- and MAO-MT]Js; this is
consistent with previously reported results [17].

To clarify the critical difference in the significance of
the IR effect between the MGO- and MAO-MTJs, layer-
by-layer electronic DOS summed over the A* bands are
presented in Fig. 4. In the MGO-MT]J, a twofold symmetric
DOS that occurs around I' is visible in both bulk and in-
terface Fe [Figs. 4(a) and 4(b)], where the original fourfold
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FIG. 4. Layer-by-layer electronic DOS summed over the AT
states (s, p;, and d2 states) in the 2D BZ for the MGO-MT]J; (a) bulk
Fe, and (b) interface Fe, (c) O, and (d) Ga. (e)-(h) The same for
the MAO-MT]J with the exception of (h) interface Al. Cross symbols
indicate the k| vectors that show the largest transmittances.

symmetry is reduced by attaching the spinel structure. The
k; = (0, +0.06) points showing the huge resonant transmit-
tances are found in the DOS, in which the interfacial states
of both O and Ga exist [see the cross symbols in Figs. 4(c)
and 4(d)]. Importantly, these DOS only appear at the interface
and are constructed via the BF effect, as illustrated in Fig. 1.
In contrast, in MAO, although a similar DOS distribution
can be seen in the bulk Fe [Fig. 4(e)], tiny surface states
remain at ky = (£0.02, £0.06) [Figs. 4(f)-4(h)]. Therefore,
the intensities of the IR peaks in the tunneling conductance
are proportional to the magnitude of the interfacial DOS. The
interfacial electronic bands are found near the corners of the
2D BZ of the interface Fe and O [Figs. 4(b), 4(c) 4(f), and
4(g)], but zero transmittance is observed at these k| [Figs. 3(a)
and 3(b)]. This is caused by an absence of the AT states in the
bulklike Fe in these regions; the surface states, which are not
connected to the tunneling channel in the bulk Fe, no longer
propagate inside the barrier [44].

In Fig. 5, we show transmittances as a function of the en-
ergy relative to the Fermi level for the MGO-MT] at (k,, k,) =

(0, £0.06) and the MAO-MT]J at (k,, k,) = (£0.02, £0.04)
with the corresponding band dispersions along k, direction. In
the MGO-MT]J, a strong sensitivity of the IR transmittance
is evident from Figs. 5(a) and 5(b). The transmittance is
majorly attributed to the A} band [43]. Interestingly, a high
transmittance is peaked at the Fermi energy [Fig. 5(a)] as a
result of the contributions from the AT state [Fig. 5(b)]. Even
at the same valence AT band, a reduction of the transmittance
is found at 0.08 eV below the Fermi energy due to a small
magnitude of the transmittance at this energy level. These
indicate that a shift of the Fermi energy induced by interfacial
defects may affect the IR state adversely, which is similar
to the Fe/MgO/Fe MTJ system [45-47]. This transmittance
behavior is a characteristic feature found at the (ki k,) =
(0, £0.06) point, while a similar observation is not confirmed
at I'. Note that another transmittance drop can be seen at
~0.05eV above the Fermi level which corresponds to the
zone-edged A’f band, as shown in Fig. 5(b). In contrast, in
the MAO-MTJ with Figs. 5(c) and 5(d), a sharp profile of the
transmittance originating from the resonant states is visible
around the Fermi energy but is insignificant as expected from
the discussions in Figs. 3(b) and 3(d).

Because O and Fe form the on-top configuration at the
interface, we see strong hybridization between the Fe d,» and
O p, orbitals [Fig. 6(a)]. The bonding and antibonding states
in the majority spin are located 6 and 1eV below the Fermi
energy, respectively. Furthermore, the insets of Fig. 6(a) show
that the local DOS in the MGO-MTIJ is much larger than
that in the MAO-MTJ at the Fermi level. This difference
arises from the strength of the Fe d,.—O p, hybridization,
which we finally discuss here. In a spinel-based MTJ, the
O is slightly shifted from being exactly on top of the Fe
because of the cation distributions. The polarity given by the
electronegativity difference between Ga (x = 1.81) and O
(3.44) of § x = 1.63 is smaller than that between Al (1.61) and
O, where §x = 1.83 [48]. These different polarities cause the
ionic bond length of Ga—O to be larger than the corresponding
Al-O length, thus meaning that the shift of O from the Fe
on-top position at the Fe/MGO interface is smaller (0.228 A)
than that at the Fe/MAO interface (0.323 A) [Fig. 6(b)]. Con-
sequently, as illustrated in Fig. 6(c), the energy gap between
the bonding p, and antibonding d,» states at the Fe/MGO in-
terface becomes wider than that at the Fe/MAQO interface [49].
These results indicate that the cation B element possessing a
large electronegativity tends to strengthen the intensity of the
IR state at the Fe/spinel interface.

We here mention that the IR effect has been paid con-
siderable attention previously in mostly MgO-based MTIJs
[38,44,50-55]. However, its contribution to the TMR is not
as significant because the resonant states only appear in
the minority spin in the Fe/MgO/Fe MTIJ. Furthermore,
the appearance of IR-effect-induced tunneling at the Fermi
level is quite sensitive to the ferromagnetic/insulating layer
thicknesses [44,56] and the in-plane lattice spacing [57,58],
although these conductances can be tuned via application of
finite bias voltages [59,60] and insertion of extra transition-
metal layers at the interface [56]. Therefore, we emphasize
here that the IR effect on the TMR in the MGO-based MTJ is
superior to that in the MgO-based MTJ.
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IV. SUMMARY

In summary, we have clarified theoretically that the IR
tunneling caused by the BF effect in the majority-spin state is
an important factor in breaking the trade-off relationship be-
tween the high TMR and the low RA in MTJs containing the
spinel-type oxide tunneling barrier. Atomic-orbital hybridiza-
tion between the Fe—d and O— p states plays an important role
in determining the intensity of the resonant state. Thus, the
intensity of the IR state in the MTJ with a MgGa, O, barrier
is found to be stronger than that in the MgAl,O4 case, where
the difference of electronegativities between constituent O and
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cation B element (B = Ga or Al) in MgB,0, barrier is one
of the essential factors to characterize the effect of interfacial
resonance. Ab initio-predicted results open a way to control
the IR state by choosing an appropriate cation element in
the spinel oxide and invites experimental confirmation for
realizing high-performance spintronics devices.
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APPENDIX A: Fe(001) SURFACE CALCULATIONS

For the calculation of the Fe(001) surface, two supercells
consisting of nine fully relaxed MLs of bcc Fe and a vacuum
region of 10 A were prepared, where the first had the primitive
in-plane lattice constant a = ap. (ap. = 2.8665 10\) and the
other had the doubled lattice constant a = 2ap.. A special
k-point mesh with a 50 x 50 x 1 (30 x 30 x 1) grid was used
to calculate the 2D surface DOS of the primitive (supercell)
Fe lattice.

Figure 7 presents the calculated 2D DOS. Note that only
the s, p;, and d,» orbitals characterized by the A; symmetry at
the zone center I" were plotted because most of the tunneling
electrons were contributed by these orbitals, as we discussed
in the main text and as reported previously in the Fe/MAO/Fe
MTJ [17,18]. Figures 1(b) and 1(c) in the main text illustrate
the visible features found in the top parts of Figs. 7(a) and
7(b), where the finite DOS was found around I" in the BZ of
the doubled lattice because of the folded-band structures at
the zone boundaries (full details are given in the main text).
Importantly, no minority-spin states were folded around the I"
point [bottom parts of Figs. 7(a) and 7(b)].

We also note that our calculations clearly reproduced the
electronic structure of double-lattice Fe for bulk states that
was reported previously [17]. For the minority-spin states, as
shown in the bottom part of Fig. 7(d), a finite DOS can be
seen at the I point that was not found in the primitive Fe cell
calculations [see Fig. 7(c), bottom part]. We confirm that these
states cause a coherent tunneling channel in the minority states
of the Fe/spinel/Fe MT]J.

APPENDIX B: BULK BAND STRUCTURE
FOR SPINEL MGO

The spinel oxide, i.e., the so-called normal type, consists
of the ordered cations A and B occupying the tetrahedral and
octahedral sites, respectively, in an fcc O sublattice, corre-
sponding to the space group Fd3m (No. 227) [Fig. 8(a)]. An
inverse-type structure also exists in which the tetrahedral site
is occupied randomly by the cations A and B. For MGO, a
mixed-spinel ground state was reported in the experiments,
where the degree of the inverse structure varied over a wide
range, depending on the thermal equilibrium conditions in the
experiments [61-65], whereas the inverse spinel structure was
stable in the calculations [66].

In this paper, we assumed that MGO has a normal-type
spinel structure and the results were then compared with those
for the normal-spinel MAO MT]J. Previous theories reported
that in the Fe/spinel/Fe(001) MTJ, the on-top configuration
of O and Fe at the interface played an essential role in the
propagation of the tunneling wave functions [17,18], as in the
case of the well-known Fe/MgO/Fe MTJ [38,39]. However,
the O anions in the spinel oxides were displaced from their
ideal positions, where the bond lengths of the tetrahedral
and octahedral sites are equivalent, depending on the cation
distributions [67]. Therefore, the O atoms were slightly off the
top of the Fe in the xy plane at the Fe/spinel interface in the
MT]J. The displacements of the anions at the interface cause
a remarkable difference between the MGO- and MAO-MTJs
(as discussed in the main text), and thus the assumption of
the normal-spinel structure is significant with regard to the
discussion of the structural and electronic complexities of the
interface. It should be mentioned that in the Fe/MAO/Fe
MT]J, the displaced anions modify the Fe—O orbital hybridiza-
tion from the on-top Fe—-O configuration (likely to be an
Fe/MgO/Fe MTJ), and the underlying mechanism of the
perpendicular magnetocrystalline anisotropy thus differs from
that of the Fe/MgO interface [68].

The real and imaginary band structures along the [001]
direction were calculated from the tetragonal bulk lattice
shown in Fig. 8(a) [the corresponding BZ is in Fig. 8(b)]. The
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FIG. 8. (a) Geometry of the normal-spinel MGO: magenta, blue, and white balls represent the Mg, Ga, and O atoms, respectively. The
tetragonal cell, for which the in-plane lattice constant is matched with the double constant of bec Fe in the MT]J, is given by the black solid
line with (b) the corresponding BZ. (c) Real (blue) and imaginary (yellow) band structures of tetragonal MGO along the [001] direction at the

I'—X k-path in the BZ.

spinel structure has C,, symmetry along the conducting [001]
direction, although it has Cy, symmetry in the bec Fe(001).
Therefore, at the zone center I' in the BZ, where (k,, k,) =
(0,0), the bands Ai(s, p;,d2), Ax(dy_y), A)(dyy), and
As(py, py, dy;, dy;) defined by Fe(001) were transformed
into the Ay(s, p.,dz,de_y2), As(dy), As(py,dy), and
A4(py, dy;) bands, respectively, in the spinel [42]. The cal-
culated results in Fig. 8(c) show that at (k, k,) = (0, 0), the
real band structures of the conduction bottom and the valence
top consist of the A, states, where the former has O—s and
Ga—s orbital weights and the latter has O—p, and Ga—d,.

orbital weights, with an energy band gap of 3.8eV. In this
gap, the real band of the valence top state is not connected to
the conduction bottom state directly by the imaginary band,
unlike the MAO-MTJ system, where the single imaginary
band structure is connected directly to the real band structures
of the valence top and the conduction bottom at I". [17,42] In
contrast, the MGO has an imaginary band that is connected
to both the real valence and conduction bands at (k,, k,) =
(0, 0.1). This observed tendency indicates that the coherent
tunneling at I' may not provide the largest contribution to the
spin-dependent transport in the MGO-MT].
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