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In the field of spintronics, there is a strong demand for barrier materials in magnetic tunnel junctions
(MT]Js) having high tunnel magnetoresistance (TMR) and low resistance area product (RA). However, the
design of such barrier materials with atomically controlled composition, vacancies, and disordering of the
constituent elements is still challenging due to the combinatorial explosion of potential candidates. Very
recently, a quantum annealing (QA) method has been utilized for combinatorial optimization problems
in materials science. In this paper, we perform a proof-of-concept study by applying the QA approach
combining with first-principles calculations and a machine-learning factorization machine (FM) to MTJs
with inverse-type spinel MgGa,O,4 tunnel barrier. We treat 252 combinations of Mg?* and Ga*" cation
disordering in the barrier layer of the MTJs and discuss the effect of the cation disordering on the struc-
tural stability, TMR, and RA. Our method is superior to simulated annealing, Bayesian optimization, and
random sampling in searching for the best MTJs for low total energy and high TMR, but not so for low
RA. We also revealed physical origins of high TMR and low RA behind the cation disordering. The
present work highlights the applicability and advantage of materials informatics using FM + QA with
first-principles calculations in designing spintronic MTJ devices.
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I. INTRODUCTION

In next-generation information society, artificial intel-
ligence (AI) will be further expanded. Accordingly, the
development of Al-dedicated hardware such as logic archi-
tecture systems that can efficiently treat huge information
is required [1]. Furthermore, it is important to increase
processing speed by minimizing time losses due to data
transport between memory and central processing unit
(CPU) and reduction of the energy consumption [2,3]. To
realize such technology, a key device is the nonvolatile
logic system [2,3], which is the arithmetic circuit including
nonvolatile storage function. As a prospective candidate of
future nonvolatile memory, magnetic random-access mem-
ory (MRAM) [4] has attracted much attention because
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of the nondestructive reading, long endurance, fast writ-
ing speed, scalability, and operation-voltage property [5].
Remaining problems in MRAM are higher density and
lower energy consumption [6]. To this end, large output
voltage and low resistance in magnetic tunnel junctions
(MTIJs) will be crucial for MRAM [6].

The MTIJ is composed of two ferromagnetic electrodes
separated by a nonmagnetic insulator, showing different
resistance depending on the relative magnetization direc-
tions of the two ferromagnets. This effect is called the
tunneling magnetoresistance (TMR) [7], which determines
the output voltage of MRAM. To enhance the TMR, devel-
opment of ferromagnetic materials such as half-metallic
ferromagnets [8,9] is essential. On the other hand, the
development of insulating barrier materials is also nec-
essary to achieve low resistance around 1 Qum? as well
as high TMR ratio of more than 300% (in optimistic
definition) at room temperature. In spintronic applications,
MgO has been mainly used as a barrier layer of MTJs

© 2023 American Physical Society
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exhibiting high TMR ratio [10—13] owing to dominant
contributions from the A; coherent tunneling in MgO and
the half-metallicity of the A; band of bee-type ferromag-
netic electrodes such as Fe;_,Co, [14,15]. However, in the
MgO-based MTJs, it is difficult to reduce the resistance
with keeping high TMR ratio, because reducing the barrier
thickness and doping other elements into MgO such as Zn
[16] and Ti [17] decrease the TMR as well as the resis-
tance. Therefore, the development of alternative barrier
materials is required for realizing MTJs with low resistance
and high TMR ratio.

Another possible candidate of the barrier materials is
spinel barrier such as MgAl,O4 and MgGa, 04 [18-24].
In previous works, epitaxial Fe/MgGa,04/Fe(001) MTJs
were fabricated experimentally, and TMR ratio up to 121%
at room temperature (196% at 4K) and relatively low resis-
tance area product (RA) were obtained [22]. Furthermore,
theoretical calculations showed that an MTJ with normal-
type spinel MgGa,O,4 barrier has a potential for a low
resistance and high TMR ratio [24]. To obtain further
high TMR ratios, the barrier height of the barrier layer
in MTJs must be increased, for example, by doping Al in
MgGa,Oy4. On the other hand, there is a trade-off relation-
ship between high TMR ratio and low resistance, because
MTJs with higher barrier height enhance not only TMR
ratio but also resistance [25]. Thus, an atomic level control
for composition of Al, Ga, Mg, and O vacancies in the bar-
rier layer is necessary to obtain high TMR ratio and low
resistance, simultaneously. However, there are too many
structures to explore the appropriate barrier composition
of Mg(Ga, Al),0, including vacancies, corresponding to
10'? candidates even for 1-2 nm barrier thickness. It would
be difficult to treat the system with such combinatorial
explosions by using a machine-learning method, such as
Bayesian optimization [26,27], Monte Carlo tree search
[28], and genetic algorithms [29].

Recently, an exploration in the extremely wide space has
been performed by quantum annealers and Ising machines
[30-33], which are computers specializing in solving com-
binatorial optimization problems. In the quantum anneal-
ing (QA), the combinatorial optimization problem can be
replaced with the Ising model. Then, the quantum annealer
solves the problem by minimizing an Ising energy of the
given Ising Hamiltonian, which describes the correlation
between descriptors of the system expressed by the quan-
tum bits (qubits). The application of the quantum annealer
and the related systems to material informatics is also
being considered. One can perform the QA by using D-
Wave’s quantum annealer, where the qubit was realized
by the superconducting flux ring with Josephson junctions
[30]. The Ising machine can provide a good solution to
solve a problem with a large number of material combi-
nations with high speed. Kitai et al. proposed a method
based on QA with factorization machine (FM) for design
of metamaterial structures [34]. They showed that it is

possible to find a better structure in a practical time even
when the system size rapidly increases. Hatakeyama et al.
performed a comparison between the Ising machine opti-
mization and conventional Bayesian approach for the prob-
lem of optimizing the electrolyte material, which requires
a huge number of combinations (10?*) to improve the con-
ductivity of the electrolyte in a Li-ion battery [35]. They
found that the Ising machine optimization is 10*-10® times
faster than Bayesian optimization.

While the QA has been used in several fields of mate-
rials science, it has not yet been applied to the systems
related to spintronics, such as magnetoresistive devices.
Recently, Ju et al. explored structures of disordered spinel
barrier MgAl,O4 in MTJs based on the Bayesian opti-
mization and first-principles calculations within a density-
functional-theory (DFT) framework, and successfully clar-
ified a physical parameter leading to the high TMR by
using the linear regression method [36]. However, the
effectiveness of QA for the material design of spintronic
devices is still unknown. We aim to design a spinel
Mg(Ga, Al),04 barrier that possesses high TMR and low
RA, simultaneously, by controlling atomic composition,
vacancy, and/or disordering. Since the number of candidate
structures easily increases explosively (more than 10'2)
as increasing the barrier thickness, materials design based
on QA is strongly demanded, however, it is challenging
and may not be suitable for the first stage of applica-
tion. Therefore, in this study, we apply the QA for MTJs
with inverse-type spinel MgGa,O4 where cation atoms
of Mg and Ga are randomly occupied at the cation site.
Our proof-of-concept study covers comparison of search-
ing performance of the QA with other methods, including
simulated annealing, Bayesian optimization, and random
sampling, in finding a suitable MgGa,O4 barrier structure
for low total energy, high TMR, and low RA. We also
demonstrated that an analysis of the Ising model obtained
during combinatorial optimization can provide a physical
understanding on the properties of interest.

II. MODEL AND METHOD
A. MTJ structure

In spinel oxide, 4B,0,, the anion (0?>~) forms an fcc
sublattice and the cations (42" and B>T) occupy tetrahe-
dral and octahedral sites surrounded by the O?~ anions.
Although in normal-type spinel structure the 4%* cation
occupies the tetrahedral site and B>* cation occupies the
octahedral site, in inverse-type spinel structure half of B3+
cations occupy the tetrahedral site and the 42" and the
remaining B>t cations occupy the octahedral site. There-
fore, in this work, we focus on the disordering of Mg?*
and Ga>" cations at the octahedral site in the inverse-type
spinel MgGa,O4 (MGO) barrier in the MT]J.

The MT]J structure was modeled by consisting of nine
monolayers (MLs) of inverse-spinel MGO tunnel barrier
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FIG. 1 (a) MT]J structure of Fes)/inverse-spinel MGOq) /Fes)
where the number of layers is given in parenthesis in units of ML.
Balls indicate Ga at tetrahedral (Tet.) site (green), disordering
Mg or Ga at octahedral (Oct.) site (orange), O (white), and Fe
(gray). (b) Flow of calculations combined with DFT, FM, and
QA techniques.

sandwiched by 5-ML bcc Fe, as shown in Fig. 1(a). The
9-ML MGO barrier of this MTJ includes ten octahedral
sites, which are randomly occupied by an equivalent num-
ber of Mg and Ga atoms; in other words, five Mg and five
Ga, resulting in 252 (=¢Cs) combinations of Mg-Ga occu-
pations. The in-plane lattice constant, a, was fixed to twice
that of the bulk Fe, 5.733 A, to minimize lattice mismatch
by a 45° rotation of the unit cells of Fe and MGO. This
lattice constant is consistent with the experimental obser-
vations [19,20,22,37] and previous theoretical work for an
MT]J with normal-type spinel MGO barrier [24]. At the Fe
interface, the MGO is terminated by a layer consisting of
O’ anions and octahedral-site cations (Mg?* or Ga**),
which is the energetically favorable geometry [24].

B. DFT calculations

The first-principles calculations based on the DFT are
performed by the linear combination of atomic orbitals
(LCAO) method using the Quantum Atomistix Toolkit
(Quantum-ATK) simulation [38]. The ground-state elec-
tronic structures for each MTJ are obtained within the gen-
eralized gradient approximation (GGA) [39]. The Brillouin

zone (BZ) is sampled with a Monkhorst-Pack k-point mesh
of 11 x 11 x 71 along k,, k,, and k. directions, respec-
tively. On practical calculations, an infinite open system
of the Fe/MGO/Fe MTJ [referred to as the scattering
region; given in Fig. 1(a)] is attached to additional 4-
ML Fe electrode at right and left sides (electrode region;
not shown in figure), in which a mismatch of the elec-
tronic structures between scattering and electrode regions
is to be minimized by the highly dense k-point mesh
along electron-transport direction, k.. The electron wave
functions are expressed by the LCAO with basis set of
double-¢ polarized functions. The interfacial structure may
affect the spin-dependent transport properties of the spinel-
based MTlJs [40,41]. Thus, atomic positions of the MGO
barrier and the first interfacial Fe layer are fully relaxed
by the force calculations, while all the others, i.e., the
remaining 4-ML Fe in the scattering region and Fe atoms
in the electrode region, are fixed to the bulk geometry.
A distance of Fe/MGO interface is determined by the
atomic force relaxations in each MTIJ structure with the
atomic force criterion of 0.05 eV/A. Spin-transport proper-
ties are calculated using Green’s function in a framework
of the Landauer formula in the Quantum-ATK [38]. The
number of k; point in two-dimensional BZ is fixed to
k; = (k¢, k) = 151 x 151 mesh for the spin-transport cal-
culations. This kj-point mesh is dense enough to avoid
missing a “hot-spot-like” transmittance, which may have
a significant contribution to the transport property, such as
interfacial resonant states [40,41].

The TMR ratio is evaluated in the pessimistic definition
as (Gp — Gap)/Gp x 100, where Gp and Gap are conduc-
tance of parallel (P) and antiparallel (AP) magnetization
states. Note that the maximum TMR in the pessimistic
definition is 100%, which is different from the maximum
TMR of the optimistic definition (infinity). The RA is
obtained from the conductance in the P magnetization state
as a’>/Gp. For a purpose of optimization with quantum
annealing, we also focus on a structural stability against
the disordering of Mg and Ga cation atoms. Practically,
we employ a total-energy difference AEiy,1, which is given
as El ., — Emin, where E, is a total energy for ith MTJ

total total®

structure and E% is the lowest total energy among all
the MTJ structures. The total energy is taken from the P

magnetization state.

C.FM and QA

We overview the FM with QA (FM + QA) briefly, since
this algorithm has been already established and described
in the literature so far, for example, Refs. [32,34]. In the
FM model, the target property may be given by a model
equation as

N N—1 N
fx)=b+ Z%‘xi + Z Z (v, vy ) xix; (D
i1

i=1 j=i+1
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where N corresponds to the number of qubits describ-
ing disordered sites (N = 10 in this work) and x =
{x1, x2,..., xn} is a descriptor vector defining cation-
atom disordering of Mg and Ga. The Mg is defined as
x; =0 and the Ga is by x; =1 for each disordered site i.
Model parameters to be trained by the FM are bias term b,
linear term ¢;, and quadratic term <v,~, vj>. The (-, ) is the
inner product,

K
(vie v]) == Z I/ikV}ka (2)
k=1

where K is a rank of FM and is treated as a hyperparame-
ter. Use of a large K value expresses a complex FM model,
while use of a small K expresses a simple FM model. In
this study, the K is optimized as 7, 2, and 3 for optimizing
AE1, TMR, and RA, respectively (see Appendix A for
more details). After the FM training, the model parameters,
q; and <v,», vj>, are transformed into the quadratic uncon-
strained binary optimization (QUBO) form to solve the
Ising model via the QA. The QUBO matrix can be defined
by the N x N matrix and its matrix elements are given by

] 4 (i=J)
Oy = {(vi, y) G ®

With this QUBO matrix, an Ising Hamiltonian we solve is
written as

N 2
N
HQUBO = E Q,jx,-xj +CU( E X; — 3) . (4)
i=1

i<j

Here, the first term is a cost function, and the second term
is a penalty term and added to fix the atomic composi-
tion of Mg and Ga, which becomes zero (nonzero) when
the number of Ga atoms is (not) equivalent to that of
Mg, i.e., Zf\;l xi=35 (Zf\;l Xi # 5). The « is a positive
real-number coefficient and one of the hyperparameters in
the QA to control the strength of the penalty term. The
searching cycle is presented in Fig. 1(b). The next potential
candidate is given by the descriptor vector x that mini-
mizes the Hqupo of Eq. (4) obtained by the QA. Then, the
target property is evaluated by the DFT calculations, and
added as a new training data for the FM that constructs
the QUBO for next cycle. This procedure is continued
until the best MTJ is obtained. Thus, the combinatorial
optimization problem of the inverse-spinel MGO MTI is
replaced by solving the H qugpo, in which the QUBO matrix
is associated with AFE\y,, TMR, and RA. Since the QA
algorithm seeks the minimum H qugo, in the case of TMR,
maximizing the TMR is achieved by minimizing the TMR
multiplied by —1, practically. Note, in our algorithm, if
the next-candidate MTJ structure is already used in the

FM training, we select the next candidate randomly from
the untrained candidates. We utilize the D-Wave Advan-
tage System 4.1 as the quantum annealer through Amazon
Braket Python SDK on Amazon Web Services (AWS)
[42]. Our FM + QA algorithm is implemented by Python
libraries of FMQA [34,43] and PyQUBO [44,45] (see
Ref. [46] for more details of hyperparameters used in the
FM + QA calculations).

IT1. RESULTS AND DISCUSSION

A. DFT-calculated results

We first present results of DFT calculations for all the
MT] structures, which will be predicted by FM + QA in
Sec. III B. As presented in the histogram plot of Fig. 2,
the calculated values of AEiy,, TMR, and RA vary in
a wide region depending on the cation distribution even
at the same Mg-Ga composition (Mg : Ga=>5:5 in all the
MTlJs in this work). The scatter plot of Fig. 2 shows that
there is no strong correlations between AFEy, and TMR
[Fig. 2(a)] and between RA and AE ) [Fig. 2(c)], whereas
a correlation is visible between TMR and RA [Fig. 2(b)]
(detailed discussion will be provided in Sec. III E). In the
present model, the best value for each target property is
referred to as the lowest AEyyy (0.0000 eV/cell), the high-
est TMR (60.53%), and the lowest RA (0.04826 Qum?),
respectively, which are indicated by arrows in scatter plot
of Fig. 2. From the DFT calculations, there is no inverse-
spinel MGO barrier that satisfies all the preferences for low
AFEota1, high TMR, and low RA in the present system.

Table I summarizes the top 6 of the optimal values for
each physical property. In the AFEy,, the energy differ-
ence between top-1 and top-2 MTJs is the order of 0.01
(in eV/cell), and similarly, the difference in the TMR ratio
is the order of 0.1 (in %). On the other hand, in the case
of the RA, the values are approximately degenerate, with a
difference of the order of 1073 (in 2pum?) between the top 1
and the top 2, and at most 10~ (in Qum?) between the top
1 and top 6, which is several orders of magnitude smaller
than those of the AE\y, and TMR. The tiny difference in
the RA may bring a difficulty in predicting the best RA, as
will be discussed in Sec. I1I B.

B. Prediction performance

The FM + QA results of the calculated number of
structures required to obtain the best MTJ are shown
in Fig. 3 for the AEiw, TMR, and RA with the
comparison of FM 4 simulated annealing (FM 4 SA),
FM +exact solver (FM+ES), Bayesian optimization
(BO), and random search (RS) [47]. The FM + ES is car-
ried out as a reference, in which the Ising Hamiltonian
for descriptors x’s of all the training data is evaluated,
from which the x vector giving the lowest Ising energy
of Eq. (4) is always predicted as the next candidate. The
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FIG. 2. DFT-calculated correlation plots for (a) AFE and TMR, (b) TMR and RA, and (c) RA and AFE, with the corresponding
histograms on the top and right panels. Optimal values for each property are specified by arrows.

FM + QA may require the same or a small number of
calculated structures to get the best solution compared
to the FM + ES, with lower computational costs than the
FM + ES. Here, we performed ten trials of the FM + QA
optimization using different initial training datasets con-
taining randomly selected 20 MT]J structures, and the same
datasets were also used for FM + SA, FM + ES, BO, and
RS. The values of target properties were data-preprocessed
by using the min-max normalization. The hyperparame-
ters for the FM training were optimized before the search,
as tabulated in Table II. The coefficient for the penalty
term «, the hyperparameter for the QA, is assumed to
be o = 1. Details in optimizations of data preprocess-
ing and hyperparameters for FM and QA are argued in
Appendix A.

For the AF, the FM 4 QA succeeded in obtaining
the best structure within around 50 structures (including
training data of 20 structures) although a variation of the
number of calculated structures can be seen due to the ini-
tial training dataset [Fig. 3(a)]. This result seems to be
slightly superior to the FM + SA [Fig. 3(b)] and signifi-
cant to BO and RS [Figs. 3(d) and 3(e)]. The efficiency of
FM + QA and FM + ES [Fig. 3(c)] is comparable, mean-
ing that our FM 4+ QA works well in the search. For the

TABLE 1. DFT-calculated AEy,, TMR, and RA for top-6
MT]J structures. Corresponding MTJ structures are shown in
Fig. 6.

AE a1 (eV/cell) TMR (%) RA (Qum?)
Top 1 0.0000 60.53 0.04826
Top 2 0.0604 60.42 0.04829
Top 3 0.0632 58.01 0.04834
Top 4 0.0646 57.58 0.04835
Top 5 0.0781 57.57 0.04959
Top 6 0.0783 57.40 0.04962

TMR, the performance of the FM + QA is similar with
FM + SA and FM +ES, and is much better than those
of the BO and RS [Figs. 3(f}-3(j)]. From a compari-
son of the number of calculated structures in Fig. 4, the
FM + QA can be suitable in the search for the best MTJs
with the lowest AFEiy, and the highest TMR. The RS
requires the number of calculations more than half the total
searching space of 252 MTJ structures for the AE q, and
TMR.

In contrast to the case of AF,a and TMR, the search-
ing efficiency of the FM + QA is poor to obtain the MTJ
with the lowest RA. From Fig. 3(k), there is a large vari-
ation of the number of calculated structures required to
obtain the best MTJ among the ten trials. It is found that,
although the FM + QA search obtains approximately the
best MTJs, namely, top-1—top-6 MTJ structures, in earlier
stage (approximately 25 structures), it takes many itera-
tions to obtain the best (top-1) MTJ because of the almost
degenerate RA values of top-1—top-6 structures, as men-
tioned in Sec. III A. The same is true for the FM + SA
and FM + ES [Figs. 3(1) and 3(m)]. On the other hand,
the BO needs only a few structures to find the lowest RA
[Fig. 3(n)]. More insights can be obtained from Fig. 4.
When the search is continued until the lowest RA is pre-
dicted (see label of RA in Fig. 4), the FM + QA, FM + SA,
and FM + ES give a larger average number of calculated
structures and a wider error bar than those of the BO.
However, if the search is stopped once one of the approx-
imately optimal structures (top-1-top-6) is obtained (see
label of RA* in Fig. 4), the average value of FM + QA,
FM + SA, and FM + ES becomes considerably small and
are superior to the RS.

From a comparison of the FM + QA and FM + SA in
the RA and RA*, we obtain the better searching perfor-
mance in the FM + SA than in the FM + QA in the average
value. In an energy landscape of the search space, it is
known that quantum fluctuations of the QA can easily pass
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FIG. 3.

Number of calculated structures

Number of calculated structures

Number of calculated structures

History of the calculated number of structures required to obtain the best MTJ structure for (ay«(e) AE, ()j) TMR,

and (k)«o) RA obtained by FM + QA, FM + SA, FM 4 ES, BO, and RS. All the calculations are performed using a training dataset
including 20 MTJ structures as the initial data, and the results of ten trials using different training datasets are plotted. The same
hyperparameters, listed in Table I, are used for FM 4+ QA, FM + SA, and FM + ES. Insets of (k)~(o0) focus on the area of lower RA.
The horizontal axis includes the initial training dataset, the range of which is different between the RS and others.

TABLE II.

in FM for AFEy.1, TMR, and RA.

Optimized data-preprocessing and hyperparameters

through a narrow-energy barrier (even high barrier), but

the probability of passing may be strongly suppressed for

Data preprocessing Epoch Rank of FM, K

AEtotal
TMR
RA (in log scale)

Min-max 700
Min-max 100
Min-max 250

7
2
3

a broad-energy barrier (even low barrier), which can be
easily overcome by thermal fluctuations of the SA [48].

Accordingly, we speculate that such a situation is faced
in the search for the best MTJ with low RA, as illus-
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FIG. 4. Boxplot for comparison of the calculated number
of structures required to obtain the best MTJ structure by
FM + QA (blue), FM + SA (orange), FM 4+ ES (purple), BO
(green), and RS (gray), obtained from ten trials with different
training datasets. Mean and median values are given by the trian-
gle (white) and horizontal solid line within the box and outliers
are shown in the circle (black). Initial training data (20 MTJ
structures) are not included in the vertical axis. The asterisk (*)
denoted as “RA*” indicates the results of the search until any one
of top-1—top-6 structures is obtained (see the main text). All the
calculations use optimized hyperparmeters and o = 1.

minima is the likely broad energy barrier rather than nar-
row barrier, the FM + QA search is less efficient than the
FM + SA for the RA [see right side in Fig. 5(b)]. How-
ever, this might not be the case for the AFEy, and TMR
where the FM + QA succeeds the efficient search via pass-
ing through the narrow barrier [Fig. 5(a)]. The recently
proposed hybrid approach of QA and SA [49,50] may have
a potential to solve such a situation, which is out of the
scope of the present study.

Moreover, the poor performance of the FM 4+ QA can
be understood from the degeneracy of RA values of the
DFT calculations in top-1-top-6 MTJ structures. In the
energy landscape, the Ising energy minima are very close
to each other [see left side in Fig. 5(b)]. This brings
difficulty of constructing an Ising Hamiltonian satisfac-
torily to distinguish the global minimum from others in
the FM, and that of finding the global energy minimum
in the given energy landscape in the QA. This hypoth-
esis might be verified from the comparison between the
RA and RA* results where the number of calculated struc-
tures becomes considerably small in the RA*. We also
mention that issues of decoherence and dissipation make

the situation more serious, which may be inevitable in
the QA optimization process on a practical quantum hard-
ware, leading to the optimized solution trapped in a local
minimum [51]. One of the possible ways to overcome
this difficulty is an improvement of accuracy of the FM
learning process by an extremely appropriate tuning of
hyperparameters, for example, by use of larger rank of FM
over K = 10, although it should be aware of the overfitting
in the FM training. Importantly, it notes that, the com-
parison of searching performance obtained in this work
may not be universal since the searching efficiency of
QA can be affected by various factors, including target
physical properties, materials of interest, quality of con-
structed Ising Hamiltonian, methodology of solving the
Ising Hamiltonian, and definition of descriptors.

C. Trend of optimal MTJ structures

We discuss a trend of the optimal MTJ structures
for each target property. In the present inverse-spinel
MGO-based MTIJ structure, there are five layers includ-
ing ten octahedral cation sites randomly occupied by Mg
and Ga atoms, namely, 1, 3, 5, 7, and 9-th layers, while
the remaining layers (2, 4, 6, and 8-th layers) include tetra-
hedral cation sites occupied by Ga atom, as described in
Fig. 1(a).

The top-6 optimal MTJ structures are presented in
Fig. 6. For the optimal MTJs with low AEy,, a com-
mon feature is that two octahedral cation sites at each layer
contain one Mg and one Ga [see Fig. 6(a)]. This indicates
that the disordering of Mg and Ga atoms favors uniform
distribution in the MGO barrier, leading to the reduction
of the electrostatic potential inside the barrier of MTJs.
The topmost MTJ structures given in Fig. 6(a) are highly
symmetric to each other; for example, the top-1 struc-
ture is identical to the top-2 by twofold rotation symmetry
with respect to z axis. Other structures are also symmet-
ric through the twofold rotation and mirror symmetry, or
Mg-Ga substitution within a layer. It was confirmed that
in the MTJs with higher AFy.1, the Mg and Ga cations
are spatially separated, e.g., either one cation is on the left
side and the other is on the right side, or either one cation
is in the center of the barrier and the other is near the
interface.

In the optimal MTJs with high TMR and low RA, we
identified a completely opposite tendency with regard to
the Mg-Ga distribution in the octahedral sites. In the MTJ
with optimal TMR, Mg atoms gather around the center of
MGO barrier, while Ga atoms gather near the Fe/MGO
interface [see Fig. 6(b)]. We refer such a cation distribution
to a Mg-center-rich distribution. In contrast, the MTJ with
optimal RA is classified as a Ga-center-rich distribution,
meaning that Mg atoms gather near the Fe/MGO interface
and Ga atoms around the center of the barrier, respectively
[see Fig. 6(c)].
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landscape of search space and search pro-
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D. Analysis of QUBO matrix
Interestingly, these specific cation distributions

preferred for better AE a1, TMR and RA can be addressed
from the QUBO. The QUBO matrix is reconstructed by
the FM model that trains all the MTJ structures, i.e., 252
MT]J structures. According to the definition of descriptor
vector X, the first term of Ising Hamiltonian in Eq. (4)
becomes nonzero only when both the ith and j th octahedral

(a) AE total TMR (C)

Mg Ga

(b)
Ga

Ga (Tet.)

arrow) in the case of (a) AE o, and TMR
and (b) RA. Global and local minima are
separated by narrow (high)-energy barrier
in (a) and by broad (low)-energy barrier
in (b). In (b), global and local minima
are almost degenerate, details of which are
given in the main text.

degenerate

Global min.

sites are occupied by Ga atom, i.e., the Ga-Ga case
({xi,x;} = {1, 1}), otherwise zero when either site is occu-
pied by Mg atom, i.e., the Mg-Mg case ({x;,x;} = {0,0})
or the Mg-Ga case ({x;,x;} = {1, 0}). We show the QUBO
matrix elements in Figs. 7(a)-7(c) and the real-space pro-
jections onto MTJ structure in Figs. 7(d)-7(f), where the
red and blue colors indicate correlations between two
qubits that increase or decrease the Ising energy of Hqugo

FIG. 6. The top-6 optimal MTJ struc-
tures for (a) AEim, (b) TMR, and (c)
RA. Mg-Ga disordering cations atoms are
indicated by magenta (Mg) and blue (Ga)
balls, respectively.

RA
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(a)—(c) Matrix elements of QUBO that are reconstructed by all the 252 MTJ structures for AFEo1, TMR, and RA. Blue (red)

indicates correlations of decreasing (increasing) Ising energy due to Ga-Ga intersite correlations. (d)f) Projections of QUBO matrix
elements onto real-space MTJ structures where only the off-diagonal O;; components are projected (Ga-Ga intersite correlation). Site
indexes in (a)—(c) correspond to those in (d)—f). Note that for the TMR, the decrease (increase) of Ising energy corresponds to higher

(lower) TMR.

in Eq. (4), respectively. It is noted that off-diagonal ele-
ments of QUBO matrix represent a strength of Ga-Ga
correlation affecting on the target property.

Based on the above analogy, for the MTJ with low
AE o1, the off-diagonal elements next to the diagonal ele-
ments, i.e., intersite indexes of the i and (i + 1)th (i=1,
3, 5,7, and 9), show strong correlations increasing the
Ising energy, as shown with red cells inside green squares
in Fig. 7(a). The corresponding real-space projections are
also shown by red solid lines in Fig. 7(d). This indicates
that the occupation by two Ga cations at the same layer is
not favorable for lower AEy,1, and two octahedral sites at
the same layer should be occupied by one Ga and one Mg.
On the other hand, correlations decreasing the Ising energy
appear in long-distance Ga-Ga cases as observed by blue
cells inside orange lines in Fig. 7(a) and blue solid lines
in Fig. 7(d). This tendency of the QUBO matrix elements’
distribution is consistent with the MTJ structures given in
Fig. 6(a).

The QUBO matrix for the MTJ with high TMR rep-
resents that the Ga-Ga correlations in the center region
of the barrier increase the Ising energy (corresponding to
lowering the TMR) [see red cells inside the green line
in Fig. 7(b) and red solid lines in Fig. 7(e)], resulting in
the Mg-center-rich distribution. Contrarily, the MTJ with
low RA shows the QUBO matrix elements that indicate
the decreasing correlations near the Fe/MGO interface
[red cells inside green lines in Fig. 7(c) and red solid

lines in Fig. 7(f)], resulting in the Ga-center-rich distri-
bution. These results are also consistent with the optimal
MT]J structures with high TMR and low RA shown in
Figs. 6(b) and 6(c), respectively. Therefore, analysis of
the QUBO matrix will be effective in understanding key
correlations that determine the optimal solution of Ising
Hamiltonian. In the present study, we used all the MTJ
structures for the analysis of the QUBO matrix in Fig. 7,
because we obtained all the data for the purpose of demon-
strating the present algorithm. In general, this QUBO
analysis is available for arbitrary inferred candidates dur-
ing the optimization process without exploring the entire
search space, once the FM 4 QA optimization yields the
optimal solution and inputs the candidates into the FM
model.

E. Physical origins of high TMR and low RA

Finally, we discuss physical origins behind the trade-off
relationship between high TMR and low RA, which are
shown by the QUBO analysis. Taking the best MTJ struc-
tures, namely, the MTJs with the highest TMR and the
lowest RA, we show real-space projection of local den-
sity of states (LDOS) along z axis in Figs. 8(a) and 8(b).
In the Fe region, we can see metallic electronic structures
characterized by the finite LDOS lying at the Fermi energy
of the MT]Js, while there is no LDOS in the MGO barrier
region because of the energy band gap. We can estimate
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FIG. 8. Local density of states (LDOS) projected onto real-space MTJ structures for the best MTJs for (a) TMR and (b) RA. Vertical
axis corresponds to energy level where Fermi energy of the MTJs is set to zero and horizontal axis corresponds to z axis in MTJ.
LDOS is given as a sum of majority- and minority-spin states and is specified by the yellow colormap. (c) Illustration of energy
diagram showing electronic structures of MTJs with Mg-center-rich and Ga-center-rich distributions, in which work functions and
barrier heights are given by Wy and ¢y, where X = Mg for the former and X = Ga for the latter, respectively.

the effective barrier height ¢ from the energy difference
between the conduction-band minimum and the Fermi
energy, which are different between the Mg-center-rich
distribution (¢ng ~ 4 €V) and the Ga-center-rich distri-
bution (¢pg, ~ 2 eV) [Figs. 8(a) and 8(b)]. According to
the previous theoretical works [14,25], MTJs with higher
barrier height provide higher TMR because the difference
of the coherent tunnel conductance between P and AP
magnetizations is enhanced significantly in MTJs. On the
other hand, lower barrier height is responsible for low RA.
Similar discussions hold for our system. The barrier height
of the Mg-center-rich distribution (¢ng ~ 4 €V) is higher

than that of the Ga-center-rich distribution (¢g, ~ 2 eV),
providing relatively higher TMR (60.53%) in the for-
mer and smaller RA (0.04826 Qum?) in the latter. As
a reference, the barrier height of the Fe/normal-spinel
MgAl,O4/Fe MTJ showing TMR =68.71% is around
5 eV, which is almost comparable to that of the MGO MTJ
with the Mg-center-rich distribution.

The different barrier heights between the Mg-center-rich
and Ga-center-rich distributions are attributed to the dif-
ference in their work functions, not the difference in the
energy band gap (see Appendix B for details in evaluat-
ing the work functions). We calculated the work functions
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of the both systems and found that the work function is
larger in the Ga-center-rich distribution (Wg,=4.6 eV)
than in the Mg-center-rich distribution (Wy,=3.8 eV).
The energy diagram of electronic structures for these
MTlJs is illustrated in Fig. 8(c). The larger work function
indicates the deeper valence-band maximum. Therefore,
the Ga-center-rich distribution has a deeper valence-band
maximum than the Mg-center-rich distribution, leading to
the lower barrier height for the same Fermi energy and
band gap.

IV. SUMMARY

In summary, we conducted a proof-of-concept study to
demonstrate the effectiveness of quantum annealing for the
material design of spintronic devices. We considered the
Fe/inverse-spinel MGO/Fe MT]Js, in which the Mg and
Ga atoms are disordering, with desirable physical prop-
erties such as total energy, TMR, and RA using DFT
calculations combined with machine-learning factorization
machine and quantum annealing, FM 4 QA. The results
indicate the searching efficiency of FM + QA is superior
to the other methods such as FM + SA, BO, and RS for the
total energy and TMR, although it is insufficient compared
to the BO for the RA. This insufficiency could be improved
by more appropriate tuning of the hyperparameters for
FM and QA routines. The QUBO matrix reconstructed
by the FM during inference process provides insights into
the key intersite correlation for the best physical proper-
ties. According to the QUBO-based analysis, moreover,
the trade-off relationship was found between the TMR
and RA in terms of the Mg-Ga cation distribution in the
MGO-based MTlJs. The Mg-center-rich distribution tends
to prefer high TMR due to high barrier height, while the
Ga-center-rich distribution tends to prefer low RA due to
low barrier height. This study highlights the applicabil-
ity of the quantum annealing approach in accelerating the
design of spintronic tunnel barrier materials under com-
binatorial explosions. To demonstrate the veritable advan-
tages of QA, further attempts are strongly needed not only
for the optimization of cation-site occupation, but also for
various degrees of freedom including constituent elements,
atomic compositions, and atomic defects, whether ordered
or disordered systems, which remain as future challenges.
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APPENDIX A: HYPERPARAMETER TUNING

Before performing the FM+ QA for the prediction
keeping high accuracy and efficiency, it is important to
define appropriately the hyperparameters for both the FM
and QA routines. For the FM, the hyperparameters include
the data preprocessing for the target quantity, number of
epochs for training the FM model, and the rank of FM, K,
in Eq. (2).

As the data preprocessing, we consider two treatments
that are mostly used in the machine learning; the
standardization y; = y; —y/o, where y; is ith value of
the target property {y} and ¢ and y are mean and stan-
dard deviation values of {y}, and min-max normalization
i = (i — min(y))/(max(y) — min(y)), where min(y) and
max(y) are minimum and maximum values of {y}. By
adapting these treatments, as well as the case without any
data preprocessing, training error of the FM was evalu-
ated for the target properties of the AFEiy., TMR, and
RA. The training error is defined as a root-mean-squared
error (RMSE) evaluated by fivefold cross-validation man-
ner using the training dataset. Figures 9(a)-9(c) summarize
the RMSE as a function of the number of epochs for
the FM training in each property. We find that the min-
max normalization obtains the smallest RMSE compared
to the standardization (Std.) and no data preprocessing
(None) for all the properties (see blue in figures). We
emphasize that, for the results of RA, the RMSE are also
compared in the log scale, in which the RA is preprocessed
after logarithmic transformation, and the resultant RMSE
becomes smaller than that in the linear scale [see sky blue
in Fig. 9(c)]. The number of epochs for the FM training
is optimized as 700, 100, and 250 from the RMSE curves
of AE 1, TMR, and RA (in log scale), respectively. With
these optimized epochs, the RMSE dependence of the rank
of FM (K) is further investigated. From Figs. 9(d)-9(f), a
large change of the RMSE is not found in the range of
K = 1-10 that we examined in this work, except for AE o,
where use of K =1 increases the RMSE. We select the K
exhibiting the smallest RMSE in this range as the opti-
mized value, i.e., K=7, 2, 3 for AE,a1, TMR, and RA
(in log scale).
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In Fig. 10, the calculated number of MTJ structures
required to obtain the best solution is plotted as a function
of coefficient of penalty term, o, of Eq. (4). The results
of FM 4+ QA and FM + SA are compared. In the case of
AFEoa and TMR [Figs. 10(a) and 10(b)], the number of
calculated structures of FM 4 QA hardly changes against

the «, but this is not the case in the FM + SA, and hence
the searching efficiency of the FM + QA is superior to the
FM + SA regardless of the o value. On the other hand,
in the results of RA, a rather large change in the num-
ber of calculated structures is obtained and the FM + QA
is not superior to the FM + SA [see blue and orange in
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FIG. 10. Calculated number of structures required to obtain the best MTJ structure of (a) AEioa1, (b) TMR, and (c) RA (log scale) as
a function of penalty coefficient, o, where results of FM + QA (blue) and FM + SA (orange) are compared. In (c), results of RA* are
also plotted by opened circles. Error bars, shown as filled area, are obtained from standard deviation of ten runs with different training

datasets.
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FIG. 11. Slab structures of (a) Mg-center-rich and (b) Ga-center-rich distributions where vacuum region of 20 A is attached. (c)
Layer-averaged electrostatic potential along z position for Mg-center-rich (magenta) and Ga-center-rich (sky-blue) distributions with
corresponding work functions, Wy (X = Mg and Ga). The zero energy of electrostatic potential is set to Fermi energy of each slab.

Fig. 10(c)]. If the searching process is stopped once one
of the top-1—top-6 structures is obtained, namely RA*, the
dependence of number of calculated structures becomes
almost monotonic with respect to the « [see sky blue and
dark orange in Fig. 10(c)]. In this case, the searching effi-
ciency of FM + QA is comparable to that of FM + SA for
larger o value (o = 100), and may eventually become bet-
ter. This result indicates the relevance of choice of o for
efficiently solving the Ising Hamiltonian, however, in the
main text, the FM 4+ QA and FM + SA are demonstrated
by fixing as o = 1 for simplicity.

APPENDIX B: WORK-FUNCTION
CALCULATIONS

To evaluate the work functions, two slab models con-
sisting of 17 ML of inverse-spinel MGO including the
vacuum region of 20 A are prepared; one is the Mg-
center-rich distribution and the other is the Ga-center-rich
distribution [see Figs. 11(a) and 11(b)]. Note that we
use the 17-ML MGO layers that corresponds to twice
that of the unit cell of the spinel structure, for seeing
a clear difference of the work functions in these mod-
els, and for the vacuum region of 20 A is confirmed
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to be enough to obtain the vacuum energy level pre-
cisely for the MGO composed by light elements. The
electronic structures are obtained by first-principles calcu-
lations using the projected-augmented-wave (PAW) pseu-
dopotentials [52,53] with the GGA [39], implemented
in the Vienna ab-initio simulation package (VASP) [54].
The atomic positions are fully relaxed using 11 x 11 x 1
k-point mesh. In Fig. 11(c), layer-averaged electrostatic
potential along z direction is compared between the Mg-
center-rich and Ga-center-rich cation distributions. The
work functions, defined by a difference between Fermi
energy (zero energy) and the electrostatic potential at the
vacuum region, result in Wg, =4.6 eV for the Ga-center-
rich distribution and Wy, = 3.8 eV for the Mg-center-rich
distribution, respectively.
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