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We present a theoretical study on interfacial magnetocrystalline anisotropy for Fe/MgAl,O,4. This system
has a very small lattice mismatch at the interface and therefore is suitable for realizing a fully coherent
ferromagnet/oxide interface for magnetic tunnel junctions. On the basis of density functional theory, we calculate
the interfacial anisotropy constant K; and show that this system has interfacial perpendicular magnetic anisotropy
(PMA) with K; ~ 1.2 mJ/m?, which is a little bit smaller than that of Fe/MgO (K; ~ 1.5-1.7 mJ/m?).
Second-order perturbation analysis with respect to the spin-orbit interaction clarifies that the difference in K;
between Fe/MgAl,O4 and Fe/MgO originates from the difference in contributions from spin-flip scattering
terms at the interface. We propose that the insertion of tungsten layers into the interface of Fe/MgAl,O, is a
promising way to obtain huge interfacial PMA with K; > 3 mJ/m?.

DOLI: 10.1103/PhysRevB.98.224421

I. INTRODUCTION

Perpendicular magnetic anisotropy (PMA) is an essential
property for ferromagnets (FMs) in magnetic tunnel junc-
tions (MTIJs) to realize nonvolatile magnetic random access
memories (MRAMs) [1]. The PMA is beneficial for obtaining
sufficiently high thermal stability and low critical current
in spin-transfer-torque MRAMs (STT-MRAMs), in which
current-induced spin-transfer torque is used for magnetiza-
tion switching [1]. Although large PMA has been observed
in several FMs such as D0y, Mn3;Ga [2,3], D0y Mn3Ge
[4,5], L1o MnGa [3], and L1, FePt [6], MTJs with these
FMs did not show sufficiently high tunnel magnetoresistance
(TMR) ratios, which is another important requirement for
MRAM applications. Therefore, interfacial PMA at interfaces
between FMs and insulator barriers has attracted much atten-
tion mainly in MTJs consisting of Fe-based FMs and MgO
barriers.

In addition to high TMR ratios [7-10], interfacial PMA
has also been obtained in the MgO-based MTJs. By using
thin CoFeB layers (~1.3 nm), lkeda et al. observed rela-
tively large PMA at the interface of CoFeB/MgO/CoFeB
MT]J [11]. In subsequent studies [12,13], Koo et al. demon-
strated that Fe/MgO has a larger interfacial PMA than that
of CoFe(B)/MgO, in agreement with theoretical predictions
[14,15]. Furthermore, interfacial PMA has also been observed
in the heterostructure composed of the Heusler alloy Co,FeAl
and MgO [16,17]. The interfacial PMA is also advantageous
for voltage-torque MRAMs [18], because high interfacial
PMA gives low write error rates in voltage-driven magneti-
zation switching.
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The underlying mechanism of such interfacial PMA in
Fe-based FM/MgO heterostructures has been discussed in
several theoretical studies. By analyzing the local density of
states (LDOS) and band structure in Fe/MgO, Nakamura et al.
[19] clarified that the Fe 3d;,2_,. state is distributed away
from the Fermi level owing to its hybridization with the O
2p, state, leading to interfacial PMA. Other studies [14,20]
also indicated the importance of this hybridization using dif-
ferent theoretical approaches. From a different point of view,
the relation between PMA and orbital magnetic moment is
another significant issue. A second-order perturbation theory
by Bruno [21] revealed a proportional relation between mag-
netic anisotropy and anisotropy of orbital magnetic moment,
which is the so-called Bruno relation. Several theoretical
studies have discussed the applicability of the Bruno relation
to various Fe-based heterostructures [15,22,23]. Moreover,
by means of x-ray magnetic circular dichroism (XMCD)
measurements, Okabayashi et al. [24] showed that the in-
terfacial PMA in Fe/MgO can be explained qualitatively by
the Bruno relation. This relation gives valuable information
for understanding the interfacial PMA in Fe-based FM/MgO
heterostructures.

Although large interfacial PMA has been observed in
Fe/MgO heterostructures, the lattice mismatch between Fe
and MgO is rather large (~4%), which is a drawback for prac-
tical applications. On the other hand, spinel oxide MgAl,O4
has a small lattice mismatch (<1%) with typical FMs such
as Fe, CogpsFeg s, and Co,FeAly5Sigs [25]. Moreover, since
the lattice constant of MgAl,O4 can be tuned by changing
the Mg/Al composition rate, one can achieve good lattice
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FIG. 1. Supercells of (a)
Fe(5)/MgO(5).

Fe(5)/MgALO4(9) and  (b)

matching with various FMs. Up to now, relatively high
MR ratios have been observed in the MgAl,O4-based MTJs
[25-28]. The interfacial PMA has also been obtained in some
FM/MgAl,O4 heterostructures [29-31]. In particular, Koo
etal. [29] reported that the Fe(0.7 nm)/MgAl, O, heterostruc-
ture has an interfacial PMA with interfacial anisotropy con-
stant K; of 0.9-1.6 mJ /mz, which is smaller than that of
the Fe/MgO heterostructure (K; ~ 1.5-2.0 mJ/m?) with the
same Fe thickness [12]. Possible reasons for such a dif-
ference in K; should be clarified; however, no theoretical
study has addressed interfacial magnetocrystalline anisotropy
in Fe/MgAl,Os.

In this work, we study interfacial magnetocrystalline
anisotropy in Fe/MgAl,O4 by means of first-principles cal-
culations based on density functional theory. We find that
this system has interfacial PMA with K; ~ 1.2 mJ/m?. This
value of Kj is smaller than that calculated in Fe/MgO with a
similar barrier thickness (K; &~ 1.5-1.7 mJ/m?), in agreement
with the above-mentioned experimental results. To clarify the
origin of such a difference in Kj, second-order perturbation
analyses are carried out, which find that the smaller K;j in
Fe/MgAl,O4 is due to a smaller positive contribution in Kj
from spin-flip electron scattering. We show that these results
can be naturally understood from the features of the LDOSs
and band structures in these systems. We finally propose an
interfacial insertion of tungsten (W) layers into Fe/MgAl,O4
as a possible way to achieve a larger Kj. It is shown that such
Fe/W/MgAl,O4 systems with 4-5 layers of W have a large
K; of > 3 mJ/m?.

II. CALCULATION METHOD

We analyzed Fe/MgAl,04(001) and Fe/MgO(001) by
means of density functional theory (DFT) including the ef-
fect of spin-orbit interactions, which is implemented in the
Vienna ab initio simulation program (VASP) [32]. We adopted
the spin-polarized generalized gradient approximation (GGA)
[33] for the exchange-correlation energy and used the projec-
tor augmented wave (PAW) potential [34,35] to treat the effect
of core electrons properly.

Figures 1(a) and 1(b) show the supercells of
Fe(5)/MgAl,04(9) and Fe(5)/MgO(5) used in this study,

where each number in parentheses represents each layer
number. Note that MgAl,04(9) and MgO(5) have similar
barrier thicknesses, which are suitable for comparison of
interfacial magnetic anisotropy. As mentioned in Sec. I, the
most striking feature of Fe/MgAl, Oy is the significantly small
lattice mismatch between the electrode and the barrier; at the
interface, two unit cells of bec Fe with 2ap, = 5.732 A can
be well fitted to MgAl,O4 with amgal,0,/+/2 = 5.72 A. Thus,
we fixed the in-plane lattice constant a of the Fe/MgAl,O4
supercell to a = 2ap. = 5.732 A. On the other hand, the
lattice mismatch is relatively large in Fe/MgO, for which
we used two supercells with different in-plane lattice
constants a: one iS a = ap. = 2.866/0%, and the other is
a = avgo/ V2 =2.98 A. In all of these supercells, we carried
out structure relaxation, through which optimum atomic
positions and the interfacial distance between the electrode
and the barrier were determined. Here, we used the known fact
that an interfacial atomic configuration where O atoms are on
top of Fe atoms [see Figs. 1(a) and 1(b)] is energetically
favored in both Fe/MgAl,O4 and Fe/MgO [36]. The
details of our structure relaxation are given in our previous
paper [40].

In each optimized supercell, we calculated interfacial mag-
netocrystalline anisotropy K; using the well-known force
theorem [41]

Ki = (Epoo) — Ejoo11)/28, e

where Ejo0; (Ejoo1)) is the sum of the eigenenergies of the
supercell with the magnetization parallel to the [100] ([001])
direction, and S is the cross-sectional area of the supercell.
Note that the factor 2 in the denominator reflects the fact
that each supercell has two interfaces. In order to confirm
whether the force theorem gives reliable results for the present
systems, we also calculated K; in the self-consistent-field
(SCF) manner using the total energies instead of the sum
of eigenenergies in Eq. (1) [41]. In this paper, we represent
a set of k-point numbers used for the calculations as N, X
Ny x N, where N, Ny, and N, are the k-point numbers
used for the x, y, and z directions of supercells, respectively.
Figure 2(a) shows the values of K; in Fe/MgAl,O4 as a
function of the number of in-plane k points N = N, = N,
obtained from the force theorem and the SCF total-energy
calculation, where N, is fixed to 1 or 3. We see that the
value of K; is saturated for N 2 19 in all four of the cases
shown in the figure and that the saturated values are almost
the same (Kj ~ 1.2 mJ/m?). Similar saturations of K; were
also obtained in two Fe/MgO systems with a = amgo/ V2 and
a = age, as shown in Figs. 2(b) and 2(c), respectively. In both
of these systems, K; is saturated to ~1.6mJ/m? for N > 37.
All these results indicate that the calculation using the force
theorem and 19 x 19 x 1 (37 x 37 x 1) k points is sufficient
to accurately estimate K; in Fe/MgAl,O4 (Fe/MgO) [42];
in the following, we use such calculation conditions. From
Eq. (1), we can easily see that positive (negative) K; indi-
cates the tendency toward perpendicular (in-plane) magnetic
anisotropy. However, actual magnetic anisotropy is estimated
by Kt = Ki + Egemagt, Where ¢ is the effective thickness
of the Fe electrode and Egemag? TEpresents magnetic shape
anisotropy. The second term Egemag? always has a negative
value, and therefore favors in-plane magnetic anisotropy. In
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FIG. 2. The interfacial anisotropy constant K; as a function of
the number of in-plane k points N (= N, = N,) in (a) Fe/MgAl,O,,
(b) Fe/MgO (a = ayzo/+/2), and () Fe/MgO (a = ar).

the present work, we calculated Egepagt by summing up
the magnetostatic dipole-dipole interaction between atomic
magnetic moments [41] with the use of the Ewald-summation
technique [43].

In addition to these calculations, we further carried out
a detailed second-order perturbation analysis to understand
magnetocrystalline anisotropy in Fe/MgAl,O4 and Fe/MgO
more deeply. By treating the spin-orbit interaction Hso as

a perturbation term, the second-order perturbation energy is
expressed as

unocc occ

@ _ |(kn'c'| Hsolkno) |
ET = Z Z Z © ©) , 2
k

n'e’ no €kno ~ Ckn'o’
Hso =Y &1L;-S;, 3)
i
where e,(;:l)d is the energy of an unperturbed state |kno) with

wave vector k, band index n, and spin o. The index “occ”
(“unocc”) on the summation means that the sum is over
occupied (unoccupied) states of all atoms in the supercell
[44,45]. Note here that the state |kno) can be expanded as
lkno) =", u cf‘;’a |ino), where p is an atomic orbital at site
i and cf‘l’}a = (inolkno) [44]. In the spin-orbit interaction
Hso, & is its coupling constant at site i, and L; (S;) is the
single-electron angular (spin) momentum operator. As the val-
ues of &;, we used &g, = 54.3 meV, &y, = 47.5meV, &5 =
10.8 meV, and &o = 24.3 meV for Fe, Mg, Al, and O atoms,
respectively. The Wigner-Seitz radius of each atom was set to
rre = 1.302 A, ryy = 1.524 A, rpp = 1.402 A, ro = 0.820 A.
All these values of spin-orbit coupling constants and Wigner-
Seitz radii are those listed in the pseudopotential files in
VASP. We used wave functions and eigenenergies obtained
in our DFT calculations as unperturbed states and energies
in Eq. (2). The magnetocrystalline anisotropy energy within
the second-order perturbation Eﬁé A (o Kj) was calculated as
Eﬁé A = E[(IZSO] - E[(g())l], where E[(IZSO] (E[(g(;u) is the energy for
the magnetization along the [100] ([001]) direction obtained
by Eq. (2). In the process of such an analysis, we can decom-
pose Eﬁé A = 2. E}jca into four types of terms coming from
different electron scattering around the Fermi level:

Eyea=Y (AEj_ + AE|_ | +AE, +AE|_,). (4)

1

Here, AE IT -1 (AE l _, ) originates from spin-conserving elec-
tron scattering between occupied and unoccupied majority-

i

spin (minority-spin) states. On the other hand, AE;_
(AEi 1) corresponds to spin-flip electron scattering from
occupied majority-spin (minority-spin) states to unoccupied
minority-spin (majority-spin) states. The details of these cal-
culations are given in a previous paper [44]. As we show in
the next section, differences in magnetocrystalline anisotropy
between different systems can be explained naturally by these

second-order perturbation analyses.

III. RESULTS AND DISCUSSION

Table I shows the values of K, Egemag?, Kettt, AMomw i,
and Mg, i for Fe/MgAl,O4 and Fe/MgO obtained in this
study. Here, AMy,; is the anisotropy of the interfacial Fe
orbital magnetic moment and Mgy, ; is the spin magnetic
moment at interfacial Fe atoms. We see that Fe/MgAl,O4
has a positive K; of 1.192 mJ/m?. Since this value exceeds
the negative shape anisotropy (Egemag? = —0.895 mJ /m?),
this system has interfacial PMA (Kt = 0.296 mJ/ m? > 0).
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TABLE L Listof Ki, Edqemagt, Keit?, AMow i, and Mgy, ; obtained in this study.

S)’Stem Ki (mJ/mz) Edemagt (mJ/mz) Keffl (mJ/mz) AAlorb.i (MB/atom) Mspin,i (MB/atom)
Fe/MgAl,O4 1.192 —0.895 0.296 0.026 2.81
Fe/MgO (a = aMgo/\/i) 1.617 —0.828 0.788 0.030 2.73
Fe/MgO (a = ar.) 1.552 ~0.908 0.643 0.020 2.78

Note that O layer is the termination layer of MgAl,Oy,
as mentioned in Sec. II. Thus, the interfacial hybridization
between Fe 3d3,:_,2 and O 2p, states plays a key role for
the interfacial PMA of Fe/MgAl,O4 in the same way as
Fe/MgO.

The values of K; and K.t in Fe/MgAl,O4 are smaller than
those in Fe/MgO. As mentioned in Sec. I, the relationship
between magnetocrystalline anisotropy and anisotropy of the
orbital magnetic moment provides important information on
PMA in these systems. From Table I, we find that both K;
and AMyp i of Fe/MgO with a = aMgO/«/E are larger than
those of Fe/MgAl,Oj, which indicates that the Bruno relation
(Kj ¢ AMy, ;) holds for these two systems. On the other
hand, it seems that this relation is not applicable to Fe/MgO
with a = ap., because this system has a larger K; but a smaller
AM i than Fe/MgAl,O,. Therefore, the following second-
order perturbation analysis is required to deeply understand
interfacial PMA in all of these systems.

In Fig. 3(a), we show the results of the second-order
perturbation analysis for the magnetocrystalline anisotropy
in Fe/MgAl,O,4. We see that the interfacial Fe layer has the
largest positive El’;,lc A» Which provides the dominant contri-
bution to the positive K; in this system. This indicates that
Fe/MgAl, Oy has interfacial PMA. At the interfacial Fe layer
(Fel), the anisotropy due to minority-spin scattering (A E 1 =)
provides the largest contribution. In order to understand this
feature, we utilize the following simplified expressions for the
local magnetocrystalline anisotropy [46]:

Mca X AE|L | + AEL |, Q)
. 2 . 2
; (uy|Ltoy)|” = [(uy|LE o) |
abl,, =g Y ikt ——. (©
=1 ! u% Eui - E(N
; 2 g ILilon|” = |y Loy’
A, =& ) - (D

uy,0 €uy — €oy
where the meanings of AE|_ | and AE}_ are the same as
those in Eq. (4). Here, &; is the spin-orbit coupling constant,
L! (a = x, z) is the local angular momentum operator at site
i, and |o,) (|us)) is a local occupied (unoccupied) state with
spin o and energy €,, (€,,). To derive these expressions, it
is assumed that the occupied d states in the majority-spin
channel are located deep below the Fermi level. Therefore,
we neglected AEL_, and AE'_, in Eq. (5) [compare with
Eq. (4)]. Let us now focus on the local density of states
(LDOS) of interfacial Fe atoms in Fe/MgAl,O4 shown in
Fig. 3(b). From the inset of the figure, we find that the
majority-spin states have quite small LDOS around the Fermi
level. Thus, we can expect that the term AE?_ | provides the

1=y
dominant contribution in Eq. (5) in the case of Fe/MgAl,O4,

which is consistent with our results shown in Fig. 3(a). In
the previous paragraph, we mentioned that the Bruno rela-
tion holds in this system, which is reasonable because only
AE i = is taken into account in the derivation of the Bruno
relation [47].

Fe/MgAl,04 (K; = 1.192mJ/m?)

0.5 o
(a) ? —Q 0 0
0.4 v, - =
O aQ & 0
g 03 7 Fe2 OJ
E Fel  Fe3 3
; 0.2
]
i 0.1 b——
N B
5 AR ol
Fel Fe2
0 Fe3 |
-0.2 . . . . .
AEi_, =AEl, wsAE;  wmAE! . w8 Bl

Projected LDOS [states/eV/orbital]

E-E_ [eV]

FIG. 3. (a) Results of second-order perturbation analysis
on the interfacial PMA in Fe/MgAl,O4. The vertical
green, yellow, blue, red, and pink bars show the values of
AE%:@ ,AEi:l* AE,_,, AE|_,, and the local anisotropy
energy Eyca, respectively, at each Fe layer. [See Eq. (4) and the
corresponding text for details.] (b) Projected LDOSs for Fe 3d states
at the interface of Fe/MgAl,O,. In panel (b), positive and negative
values indicate the majority- and minority-spin projected LDOSs,
respectively. The inset of panel (b) shows a magnified view near the
Fermi level.
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FIG. 4. The wave-vector-resolved information on the interfacial
PMA in Fe/MgAl,Oj. (a) The in-plane wave-vector (k) dependence
of AE(k)) = Epoo)(Kj) — Ejoor;(Ky). (b) and (c) The band structure
of the supercell in the majority- and minority-spin states, respec-
tively. In panels (b) and (c), orbital components of each band are
indicated by colors.

In order to obtain further information on the PMA
in Fe/MgAl,O,4, we analyzed wave-vector-resolved magne-
tocrystalline anisotropy and band structures of the supercell.
Previous studies using this type of analysis on other ferro-
magnetic systems have shown that localized d states around
the Fermi level provide the dominant contribution to the
magnetocrystalline anisotropy [19,48-50]. Figure 4(a) shows
the in-plane wave-vector (k) dependence of AE(kj)=
E[lOO](kH) — E[OOI](kH) [51] Here, we plotted the case of kz =
0 because k, dependence is very weak owing to the long c-axis
constant of the supercell. Note that K; is proportional to the
sum of AE(k) over all k; in the two-dimensional Brillouin
zone. We see that large positive anisotropy is obtained around
the I" point, which provides the dominant contribution to the
interfacial PMA in this system. We can naturally understand

0.5
(a) Mg (O Fel Fe3
0.4 —
X
= 0.3
8 z
L 02
>
]
Eo1fl—
5 |
a4 ol 1 ]
Fel Fe2
-0.1 Fe3
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AEl,, ™AFEl, wmAEl  wmAE_ . =By,

Fe/MgO (a = amgo/V?2, K; = 1.617mJ /m?)

o
W

Projected LDOS [states/eV/orbital]
(e

-0.5 — d3,2 2 k‘,/f
— dyz,doy \
g2 _y2 ? \
— dgy :
TOs O 0s 0 05 1 15 2
E-E_ [eV]

FIG. 5. The same as Fig. 3, but for Fe/MgO with a = aMgo/ﬁ.

this behavior from the band structures of the supercell shown
in Figs. 4(b) and 4(c). Actually, as seen from Fig. 4(c), the
minority-spin bands around the I" point have d_,- and d,.-
orbital components near the Fermi level, leading to finite
values of (d,., | |L;|dzx, ) and (d,,, | |Li|dyz, J) included
in the first term of the numerator of Eq. (6). Such a band
structure is consistent with sharp peaks in the d,.- and d.,-
orbital LDOSs in the minority-spin states around the Fermi
level [see Fig. 3(b)].

We next discuss PMA in Fe/MgO to understand the dif-
ference from the case of Fe/MgAl,O4. Figure 5(a) shows
the results of the second-order perturbation calculations in
Fe/MgO with a = ayg0/+/2 = 2.98 A. In this case, we ob-
tained similar results with Fe/MgAl,Oy4; anisotropy energy
due to minority-spin scattering (AEi ) at the interface
provides the dominant contribution to the PMA. The structure
of the LDOS at the interfacial Fe atoms is also similar to
that of Fe/MgAl,O, [see Fig. 5(b)]; the majority-spin state
has quite small LDOS around the Fermi level. In Fig. 5(a),
a non-negligible difference with Fe/MgAl,O4 is that the
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FIG. 6. The same as Fig. 4, but for Fe/MgO with a = aMgo/ﬁ.

Fe/MgO has a larger positive spin-flip component AE ’¢ oy at
the interfacial Fe atoms. To clarify the reason of this behavior,
we show the k| dependence of AE (k) in Fig. 6(a). We find
that positive anisotropy occurs mainly around the X point.
Similarly to the case of Fe/MgAl,Qy, d;, and d,, states in
the minority-spin bands give finite values of (L;) as shown
in Fig. 6(c), leading to positive AEi - In addition, the
majority-spin occupied d,, band and minority-spin unoccu-
pied d;, band yield finite values of (d.y, | |L.|dyy, 1), as
seen from Figs. 6(b) and 6(c). This gives positive AE% N
following Eq. (7), which is the reason why this system has
the non-negligible contribution from spin-flip scattering in the
interfacial PMA.

Fe/MgO (a = age, K; = 1.552mJ /m?)

o
W

(2)

N
~

o
w

<
)

e
—

AFE*[meV /atom]

Fel Fe2

AE,_, ™AE|, wmAEi  wmAE}_ . w8 Ey o,

Projected LDOS [states/eV/orbital]

FIG. 7. The same as Fig. 3, but for Fe/MgO with a = ag..

We also carried out the same perturbation analysis on the
other Fe/MgO with a = ap. = 2.866 A, which provides valu-
able insight as explained below. Figure 7(a) shows the results
of the calculations, in which we find a clear difference from
those of Fe/MgAl,O,4 and also from those of Fe/MgO with
a = ameo/ V2. Namely, at the interfacial Fe atoms, the spin-
flip component AE lT —, 1s quite large and has a similar value

to that of the spin-preserving component AE 1 —- This is the
reason why the Bruno relation does not hold in this system
as mentioned above. We can naturally understand the origin
of this behavior by analyzing the LDOSs of interfacial Fe
atoms shown in Fig. 7(b). As seen from the inset of the figure,
the majority-spin state has a finite d3,2_,» LDOS around the
Fermi level. Since these ds,2_,2 states give finite values of
(dyz, | L |d32—2, 1), the large positive AE%zw can occur
following Eq. (7) [52]. This is the reason for the magnitude
relation AE|_ | ~ AE}_ in this system. This feature can
also be confirmed by the k; dependence of AE(k)) and
band structures of the supercell shown in Figs. 8(a)-8(c). The
major difference from the case of a = ameo/ V2 is that the
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FIG. 8. The same as Fig. 4, but for Fe/MgO with a = ag..

majority-spin dz,2_,» band crosses the Fermi level around the
I' point as shown in Fig. 8(b). Thus, the occupied d3,2_,2
states in this band and the unoccupied d,, states in the
minority-spin bands give finite values of (d,, | |L'|d3;2_,2, 1
) [see Figs. 8(b) and 8(c)], by which AE lT —,, becomes larger

compared to the case of a = amgo/ V2. An experimentally
realized Fe/MgO heterostructure is expected to have an in-
termediate in-plane lattice constant between ap. = 2.866 A
and amgo/ V2=2098 A. Although the anisotropy energy from
spin-flip scattering AE’_, | is sensitive to the in-plane lattice
constant, we can conclude from our results that Fe/MgO has
a larger positive AE lT -, than Fe/MgAI,O,. This is a possible
explanation for the fact that the experimentally observed K; in
Fe/MgO is larger than that in Fe/MgAl,Oy.

(b) 4.5
4
35
3
. 25
= PEFFY: CEEEE E
E T JHIIE B -
v
| W)
1 W3 W)
1.5 ( )
= MgAl,Oy MgO (a = ape)

s MO (a = ango/V2)

FIG. 9. (a) The supercell of Fe(5)/W(3)/MgAl,04(9) used
in our calculation. (b) Values of K; obtained for Fe(5)/W
(3-5)/MgAl,04(9) and two types of Fe(5)/W(3-5)/MgO(5) with
different in-plane lattice constants. The data indicated by W(0) are
those when W layers are not inserted (the values of K; were already
shown in Table I).

IV. A WAY TO OBTAIN LARGER PMA

In order to obtain larger interfacial PMA for MTJs with the
MgAl, Oy barrier, we propose an insertion of thin W layers
between MgAl,O, and the Fe electrode as shown in Fig. 9(a).
The insertion of W layers at the interface of Fe/MgAl,O4
is based on the theoretical prediction of huge PMA in the
Fe/W(001) multilayer with the in-plane lattice constant of
bulk bee Fe [53]. Experimentally, Matsumoto and co-workers
confirmed the large change of magnetic anisotropy from
negative to positive by reducing the W-layer thickness in
the Fe/W(001) multilayer, where the in-plane lattice constant
of W approaches from that of bulk W to that of bulk Fe
[53,54]. Motivated by these theoretical and experimental re-
sults, we examined the possibility that the insertion of thin
W layers into the interface of Fe/MgAl,O4 with the in-plane
lattice constant of bcc Fe can enhance the interfacial PMA
in this junction. In Fig. 9(b), we show the calculated values
of K; in Fe/W(n)/MgAl,04(001) and Fe/W(n)/MgO(001).
As in-plane lattice constants, we adopted a = 2 ag. for the
MgAl,O4-based junction and a =ag. and a =aMgo/ﬁ
for the MgO-based junction. As can be seen in Fig. 9(b),
Fe/W(3-5)/MgAl,04 and Fe/W(4-5)/MgO with a = ag.
have large positive Kj, indicating that the insertion of W layers
significantly enhances the PMA in these junctions. Note that
such a large enhancement was not obtained in very thin W
cases (n = 1-2). Thus, at least 3 layers of W are required
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FIG. 10. (a)-(d) Projected LDOSs for 3d states at the
middle layer of the W atom in Fe(5)/W(3)/MgAl,04(9),
Fe(5)/W(3)/MgO(5) (a = are), and Fe(5)/W(3)/MgO(5) (a =
amgo/ V/2), where positive and negative values indicate the majority-
and minority-spin projected LDOSs, respectively.

for enhancing PMA. On the other hand, Fe/W(n)/MgO with
a= aMgo/ﬁ shows a negative or small K; for any layer
number of W up to n = 5, which means that the insertion of W
layers degrades the interfacial PMA in this junction because
of the lattice mismatch between Fe and MgO. These results
are consistent with those of Fe/W multilayers in Ref. [53].
We can conclude that the insertion of W layers into the
interface of Fe/MgAl,O, is a promising way to obtain huge
PMA owing to the good lattice matching between Fe and
MgAl, Oy, indicating the advantage of MgAl,O4 as compared
with MgO. Perhaps it might be even better to use W layers as
underlayers of Fe/MgAl, Oy, because the interfacial insertion
of nonmagnetic metals between FMs and insulator barriers
tends to decrease TMR ratios of MTJs. However, further
analysis for the PMA in such a system is beyond the scope
of this study and will be addressed in our future work.

From the second-order perturbation analysis, we found
that the large PMA in the Fe/W/MgAl,O4 multilayer is
mainly attributed to perturbation processes through unoccu-
pied majority-spin states (AE 1 ~rand AE lT 1) of the middle-

layer W atoms. Figures 10(a)-10(d) show the projected
LDOSs of middle-layer W atoms in Fe(5)/W(3)/MgAl,04(9)
and Fe(5)/W(3)/MgO(5) (a = ap. and a = aMgo/\/E). As
can be seen in Figs. 10(a) and 10(c), there are large unoc-
cupied dy, and d,; (d..) states just above the Fermi level,
when the in-plane lattice constant corresponds to that of bcc
Fe (a = ag.). Because W is a transition metal element with
less than half d electrons, it has unoccupied majority-spin
d states. These unoccupied majority-spin states provide a
considerable contribution to the PMA through the second-
order perturbation of the spin-orbit interaction between un-
occupied majority-spin states and occupied states in both
the spin channels. In the present case, the matrix elements
(dyy, 1 ILL|d2_y2, 1) and (d;, 1 |LL|ds2_,2, ) show posi-
tive contributions to the PMA of Fe(5)/W(3)/MgAl,04(9)
and Fe(5)/W(3)/MgO(5) (a = age) in the perturbation pro-
cesses.

V. SUMMARY

We theoretically investigated interfacial magnetocrys-
talline anisotropy in Fe/MgAl,O4, which has a potential
applicability to spintronic devices because of its quite small
lattice mismatch at the interface. By means of density func-
tional theory, we calculated interfacial anisotropy constant
K; of this system and compared it with those of two
Fe/MgO systems with different in-plane lattice constants.
We found that Fe/MgAl,O4 has interfacial perpendicular
magnetic anisotropy (PMA) with K; ~ 1.2 mJ/m?, which is
slightly smaller than that of Fe/MgO systems. By carrying
out second-order perturbation calculations on the PMA in
combination with detailed analyses of the LDOSs and band
structures, we clarified that the smaller K; in Fe/MgAl, Oy is
due to the smaller positive anisotropy energy from spin-flip
electron scattering. We finally proposed insertion of tungsten
(W) into the interface of Fe/MgAl,O4 as a possible way to
obtain larger interfacial PMA. We showed that such insertion
enhances K; of Fe/MgAl,O4 to > 3 mJ/m?.

Note added in proof. Recently, Xiang et al. [55] re-
ported detailed experimental results on the interfacial PMA
in Fe/MgAl,O4, which are also consistent with our present
results.
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