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Magnetocrystalline anisotropy (MA) and electric-field-induced modification of the MA energy (E-field-induced
MA modification) of Co-Fe multilayer thin films at MgO(001) interface with respect to atomic-layer stacking
were investigated using first-principles calculations combined with the cluster expansion method. Although the
magnetic quantities have very complicated dependence on atomic-layer stacking, we find that there are key

short-range atomic-layer stackings. At the MgO interface, a double atomic-layer stacking of Fe on the MgO
enhances an interfacial perpendicular MA while there is no role of the short-range stacking in the E-field-induced
MA modification where a single Fe atomic-layer at the interface plays a role. The physical origins underlying
these trends were subsequently elucidated by band structure calculations.

1. Introduction

The identification of promising magnetic thin-films with large
perpendicular magnetocrystalline anisotropy (PMA) is an important
design goal in the field of spintronics [1]. The observation of PMA at Fe
(CoFeB)/MgO interface [2-5] — where spin-orbit coupling (SOC) is quite
weak and interfacial p-d hybridization enhances the PMA [2,6-8] — has
led to an important research direction in developing successful
perpendicular magnetic tunnel junction (pMTJ) devices. The search for
materials with the large PMA has expanded to include multilayer thin
films in which the PMA may be achieved by tuning atomic-layer stacking
[9]. Experimentally, artificial transition-metal thin films with PMA
using rare-earth and noble elements [10-12] have been synthesized, and
other materials are being investigated [9,13-15]. The use of multilayer
thin films has particularly an advantage where the multiple physical
properties can be controlled by the atomic-layer stacking, e.g., for films
with the large PMA and low magnetization to promising pMTJs. It is
however difficult to search such films due to the enormous number of
possible atomic-layer stackings. In addition, the magnetocrystalline
anisotropy (MA) is very sensitive to the detail of atomic-layer stackings
in films, substrates, and surface/interface structures, all of which are
crucial in spintronic device applications. In order to treat such
complexity, a comprehensive understanding of the dependence on
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atomic-layer stacking of the MA is highly desired.

Most theoretical investigations so far used a single atomic-layer-
resolved analysis [5], which address only an atomic on-site depen-
dence, in determining the MA. However, X-ray-absorption measure-
ments observed an imbalance in Co-Co bonds along the in-plane and out-
of-plane directions in CoPt film with the PMA, suggesting that the short
range order is important for driving the PMA [16], Chemical ordering
was experimentally found to be responsible for the PMA in L1, FePd and
FeNi films [17,18]. First-principles calculations within the Korring-
Kohn-Rostoker coherent potential approximation demonstrated that
the compositional atomic ordering enhances the MA energy and alters
the magnetization easy axis due to the lowering of lattice symmetry
[19]. Recent efforts have further started to identify an inter-atomic
contribution to the MA, e.g., in FePt [20] (CrNbsSe [21]) where the
inter-atomic pair contribution of Fe-Pt (Cr-Nb) is comparable (signifi-
cantly large) compared to the single atomic contributions of Fe and Pt
(Cr and Nb).

In the present work, we systematically investigated the atomic-layer
stacking dependence of the MA energy for the prototypical Co-Fe bilayer
multilayer thin films on MgO(001) by a help of the cluster expansion
(CE) method [22-26] that uniquely provides a way to find trends and
features of atomic configurations in material properties. We further
investigate the electric-field-induced modification of the MA energy (E-
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field-induced MA modification) [27] which is one of the challenging
issues for realizing voltage-based pMTJ with ultralow-energy power
consumption [27-30]. The present paper is organized as follows. In the
next section, we provide model and method for treating atomic-layer
configurations in the considered binary multilayer thin film systems.
In Section 3, results of first-principles calculations of the MA energy and
the E-field-induced MA modification, as well as the excess energy and
the magnetization, for multilayers are presented. Then, the data ob-
tained is analyzed using the CE method to extract the underlying trends.
The physical origins of key atomic-layer stacking at the MgO interface
are subsequently discussed based on band structure calculations.
Finally, a summery is given in Section 4.

2. Model and method

In order to model the multilayer thin film systems, we employed
slabs consisting of six atomic-layers of Fe and Co in a bcc stacking on
four atomic-layers’ substrate of rocksalt MgO(001), as depicted in Fig. 1
(a), where there are totally 64 (=2% atomic-layer configurations. The
atomic-layer position, L, in the film is labeled by the number from the
surface layer (L = 1) to the interface layer (L = 6), and an atomic-layer
configuration is represented, for example, by CFCCFF/ corresponding to
the CoFeCoCoFeFe/MgO, where C and F indicate Co and Fe atomic-
layers, respectively. The atomic positions along the film-plane normal
were fully optimized by atomic force calculations [31], and the in-plane
lattice constant has been chosen to match that of calculated bulk MgO.
The transition-metal (Co and Fe) atoms at the MgO interface are located
on top of O atoms as found by first-principles calculations [32] and LEED
experiments [33].

Calculations were carried out using full-potential linearized augmented
plane-wave (FLAPW) method in a single slab geometry [34-36] in the

(b) 64 independent clusters
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scalar relativistic approximation (SRA) based on generalized gradient
approximation [37]. A wave function cutoff of |k + G|<3.0 a.u. and
muffin-tin (MT) sphere radii of 2.2, 2.2, 2.0, and 1.4 a.u. for Co, Fe, Mg,
and O, respectively, were used. The angular-momentum expansion inside
the MT spheres is truncated at £ = 8 for Co, Fe and Mg, and 6 for O for the
wave functions, charge and spin densities, and the potential. To determine
the MA, the second variational method for treating the SOC was performed
using the SRA eigenvectors, and the MA energy, EMA, defined as the dif-
ference in total energy for magnetization oriented along the in-plane [100]
and perpendicular [001] directions,

EMA = E[100] — E[001], (@)

was then determined by the force theorem [38,39], where 8,100 special
k-points in the two-dimensional Brillouin zone (BZ) were used to sup-
press numerical fluctuations. The E-field along the film-plane normal
was introduced in the vacuum regions far enough from surfaces [40,41],
and the E-field-induced MA modification, sMA, was estimated by the
difference in the MA energy at E-fields of +0.25 V/A at the vacuum as

_ EMM0.25V/A) — EMA(—025V /A)
B 0.5 '

”MA

(2)

where value of M is not adjusted by the dielectric constant of MgO [42]
for avoiding an uncertainness in determination of the dielectric constant
in thin film system. The excess energy was estimated by the total energy
difference,

m
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where ij represents C and F at the L-th atomic-layer, and m is the number

of Fe atomic-layers.

Fig. 1. (a) Model of an Fe-Co multilayer thin film on
MgO(001). The atomic-layer position, L, is labeled by

(a) Slab model

the number from the surface layer (L = 1) to the

a o o o interface layer (L = 6). L = 7 represents an O layer at
0 16 (34) 32 (234) 48 (1345 the MgO interface. (b) The table presents the 64 in-
1 (1) 17 (35) 33 (235) 49 (1346) dependent clusters, where « is a sequential number
2 (2) 18 (36) 34 (236) 50 (1356) and the corresponding cluster consists of a set of
3 3 19 (45 35 (245) 51 (1456) atomic-layer numbers in parenthesis. (c) Examples of
4 (4) 20 (46) 36 (246) 52 (2345) clusters a = 21 and 40, which consist of two (L =5
5 (5) 21 (56 37 (256) 53 (2346) and 6) and three atomic-layers (L = 3, 5 and 6),
6 (6) 22 (123) 38 (345) 54 (2356)  respectively.

7 (12) 23 (124) 39 (346) 55 (2456)

8 (13) 24 (125) 40 (356) 56 (3456)

9 (14) 25 (126) 41 (456) 57 (12345)

10 (15) 26 (134) 42 (1234) 58 (12346)

11 (16) 27 (135) 43 (1235) 59 (12356)

12 (23) 28 (136) 44 (1236) 60 (12456)

13 (24) 29 (145) 45 (1245) 61 (13456)

14 (25) 30 (146) 46 (1246) 62 (23456)

15 (26) 31 (156) 47 (1256) 63 (123456)

(c) Examples of clusters

o=40
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Atomic-layer configurations are treated as a one-dimensional lattice
model, & = {01, ..., 61, ..., 66}, where o;, takes either —1 and + 1
depending on the atom type at the L-th atomic-layer. In the present case,
we set —1 and + 1 for Co and Fe atomic-layers, respectively. The cor-
relation function of a cluster a in Fig. 1(b) in the CE method can be thus
expressed as

=[[{ou}, )

Lea

where an empty cluster of @ = 0 is included (£, = 1), and L € a indicates
the L-th atomic-layer in the cluster a. With no z-reflection symmetry
along the film-plane normal, there are 64 (=2°) independent clusters,
listed in Fig. 1(b), where «a is a sequential number representing a type of
cluster and the corresponding cluster consists of a set of the atomic-layer
numbers in the parenthesis. For example, in Fig. 1(c), the cluster a = 21
consists of two atomic-layers (L = 5 and 6) with the nearest neighbors at
the interface, and the cluster a = 40 is three atomic-layers (L = 3, 5 and
6) consisting of the nearest and second nearest neighbors. The &,; and
49 of the CFCCFF/ are +1 [6506 = ( + 1) x ( +1)] and —1 [630506 =

0.04
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(=1)x ( + 1) x ( + 1)1, respectively. A physical property, F(¢'), may
be then represented linearly by the correlation functions as

63
=Y (@), ®)
a=0

We evaluated the CE coefficients, C,, by the inversion matrix method
[23],

Co = Z {&.(0)} 'F(@), (6)

by using all 64 atomic-layer configurations.
3. Results and discussion

Fig. 2 summarizes the results of the calculated excess energy, E*, the
spin magnetization, M, the MA energy at E-fields of zero and +0.25 V/A,

EMA | and the E-field-induced MA modification, 7™M, for all 64 atomic-
layer configurations as a function of the number of Fe atomic-layers,
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Fig. 2. (a) Excess energy, EF*, (b) spin magnetization, M, (c—e) MA energy at E-fields of zero, —0.25 and 0.25 V/A, EMA, and (f) E-field-induced MA modification, yM4,
of all 64 atomic-layer configurations as a function of the number of Fe atomic-layers, m, in an unit cell. The atomic-layer configuration is represented, for instance, by
CFCCFF/ for CoFeCoCoFeFe/MgO, where C and F indicate Co and Fe atomic-layers, respectively.
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m, in a unit cell. The calculated values with the same number of Fe
atomic-layers display a large range of values and depend significantly on
the atomic-layer configuration except the magnetization. The magneti-
zation increases almost linearly with the number of Fe atomic-layers,
which satisfies the Slater-Pauling rule, indicating that films with the
low magnetization can be achieved in the low Fe composition, regard-
less of the atomic-layer configuration. In the MA energy, it varies from
1.4 meV/unit-area for the perpendicular magnetization to —1.5 eV/unit-
area of the in-plane magnetization. The MA energy for the pure Fe film
(FFFFFF/) is positive, 1.34 meV/unit-area, while for the pure Co film
(CCCCCCy) it is negative, —0.54 meV/unit-area, the trend that the MA
energy in the Fe film is larger than that in the Co film is qualitatively the
same to the previous calculations [7,43] and experiments [3,4,44]. For
equal Fe-Co (m = 3), the FCCCFF/ has a large positive MA energy of 0.9
meV/unit-area, but when the atomic-layer configuration is changed to
the FCCFCF/ (the atomic-layers at L = 4 and 5 are interchanged), the MA
energy is almost zero, 0.1 meV/unit-area. Although the results of MA
energy contradict the previous calculations [45] of PMA in CFCFCFCFC/
MgO, this disagreement is confirmed to attribute to the different in-
plane lattice constant assumed [46]. In E-fields, as shown in Fig. 2(d-
f), although the MA energy at +0.25 V/A is almost same each other, the
complicated behavior in the E-field-induced MA modification with
respect to the atomic-layer configuration is observed. The excess energy
[Fig. 2(a)] also depends on the atomic-layer configuration but all have
negative values, as seen in that in bulk [24].

The calculated CE coefficients in Eq. 6 for the excess energy, EZ*, the
MA energy at zero field, EMA, and the E-field-induced MA modification,

( a) EEx
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7MA, as a function of cluster « in Fig. 1(b) are shown in Fig. 3. It can be
seen that the CE coefficients of the three quantities with respect to the
cluster behave differently each others. For the excess energy, the CE
coefficients decay rapidly when the cluster size increases, where the
dominant contribution arises from the clusters with the nearest-
neighbor atomic-layers, @ = 7, 12, 16, 19, and 21. The results indeed
support a simple nearest-neighbor pairwise interaction model of the
excess energy. For the MA energy, the CE coefficients predict the char-
acteristic clusters consisting of one- and two-atomic-layers, which
govern the MA energy. At the MgO interface, for instance, the cluster a
= 6 has a large positive CE coefficient, which indicates that the presence
of the Fe atomic-layer at the interface gives a strong interfacial PMA; the
results support the single atomic-layer-resolved analysis of the MA en-
ergy [5,47]. However, the PMA is further enhanced by the cluster @ = 21
at the interface; the positive value of Cy; in Fig. 3(b), corresponding to
like-pairs (Fe-Fe), favors the PMA, which demonstrates an important
role of the short-range atomic-layer stacking to the PMA.

It is further instructive to illustrate the energy contribution of
atomic-layer configurations in clusters to the MA energy. It may be
obtained by projecting a probability, x,;, ..., of finding an atomic-layer
configuration i iy --- in a cluster a,

€

aipip e = (Xa.iLiL, EMA>7 )

where ij, represents C and F at the L-th atomic-layer in the cluster a. The
Xqiy, - i expressed by a set of correlation functions, &4, [48,49], the

EMA is expressed by Eq. 5, and () is the trace operator on all 64 atomic-
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Fig. 3. Calculated CE coefficients, C,, of excess energy, E'* (in eV/atom), MA energy at zero field, EM* (in meV/unit-area), and E-field-induced MA modification, s

[(meV/unit-area)/(V/A)], as a function of cluster « in Fig. 1(b).
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layer configurations [22]. The results of €41, for the atomic-layer
configurations in the cluster a = 41 at the MgO interface (i.e., €41 ccc,
€41,CCF, €41,CFC, €41,CFF; €41,FCC, €41, FCF; €41 FFC» and ey4; per) are shown in
Fig. 4(a). These show that e4; cpr and e4; prr have the large positive
contributions that favor the PMA but e4; pcr has a negative one. It
further demonstrates that for the cluster @ = 21 at the MgO interface,
eo1 pr has a large positive contribution while ey cr has almost zero.
Thus, the key atomic-layer configuration for the interfacial PMA is at
least the double atomic-layer stacking of Fe (FF stacking) on the MgO.

To verify the contribution of the Fe double atomic-layer stacking, the
first-principles calculated (DFT) MA energy for systems having CC, CF,
FC, and FF stakings at the MgO interface are replotted in Fig. 4(b). The
DFT MA energy clearly shows the same trend as the energy contributions
in Fig. 4(a). For example, the FFFFFF/ has the largest positive value but
decreases on going to the FFFFFC/, FFFFCF/, and FFFFCC/, where the
top four atomic-layers from the surface align as FFFF (green closed
circles). For the CCFFFF/, the MA energy is negative and becomes more
negative for the CCFFFC/, CCFFCF/, and CCFFCC/(blue ones). The
CCCCFF/ may be desired as a film with the large PMA and low
magnetization.

For the E-field-induced MA modification, the contribution for the
clusters @ = 21 and 41, 1y, ;;. and 71 ;,;.;., were also examined and the
results are shown in Fig. 4(c). The large contribution (the magnitude)
arise from the CCF, CFF, and FCF stakings and the CF and FF stackings on
the interface. Thus, the large contribution commonly comes from a
single atomic-layer of Fe at L = 6 and the E-field-induced MA modifi-
cation is attributed only in the single atomic-layer at the interface, so
that there is no role in the short-range atomic-layer stacking. It also
notes that the DFT values of ™4 in Fig. 4(d) show qualitatively the same
trend as in Fig. 4(c).

In order to get a deeper insight into an origin for the role of Fe
double-layer stacking to the PMA, we calculated the band structure
along high symmetry k-directions for the CCCCFF/. Fig. 5(a) and (b)
show the band structure and the density of states (DOS) for the sum of Fe
atoms at L = 5 and 6 in the minority-spin state. The line width in Fig. 5
(a) represents the relative weights of dy (green), di; (red), and d.,
(blue) orbitals to the wave functions for the Fe atoms at L = 5 and 6.The
bands crossing the Fermi level (Eg) arise mainly from the minority-spin
states, while the majority-spin bands (not shown in the figure) are
almost fully occupied and are located between —1 to —4 eV below Ep. A
weakly dispersing band with significant Fe d,2 (dp) weight orbital
located about 1.8 eV above Ep is pushed up by the hybridization to the O
D orbital at the MgO interface [2,6]. The bands derived from Fe d,2_2 »,
(d+2) orbitals are broad, ranging between —2 and 2 eV, due to the strong

(a) Contribution to MA energy by CE

(c) Contribution to MA modification by CE
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hybridization between the neighboring Fe atoms on the same atomic-
layer.

In contrast, due to the Fe atoms at L = 5 and 6, the Fe dy;, (d+1)
orbitals in both atomic layers hybridize each other, with large weight
around Eg. As illustrated in Fig. 5 (c), the antibonding d;z 2 States at the
I point — which are above Eg for both the freestanding Fe monolayer
[40] and that on MgO [6] — are pushed down close to Eg, while at the M
point, the bonding d,; ,, states below Ef in the monolayers are pushed up
above Eg. Thus, for the Fe double-layers, nearly flat dy,,, bands around
Er exist throughout the whole BZ.

A contour map of EMA (k) [50] is shown in Fig. 5(d). In most of the BZ,
EMA(K) is positive, especially around I' point and along I'-M. The top
figure in Fig. 5(a) displays the EMA (k) (black line) along the k-directions
and the energy contribution of the Fe atoms at L = 5 and 6 (red line),
calculated by switching off the SOC of the Fe atoms selectively by first
principles calculations. It demonstrates that the large positive EMA (k)
attributes in the Fe atoms at L = 5 and 6. According to perturbation
theory [51], the SOC between occupied and unoccupied states with the
same (different) m magnetic quantum number coupled through the L,
(Ly and Ly) operator gives a positive (negative) contribution to the
EMA(K). In the present system, thus, the SOC interaction between the
occupied and unoccupied dy,y, (m = +1) states around Er at around I"
point and along I'-M, in Fig. 5(c), yields a positive EMA (k), which leads to
the large interfacial PMA. Indeed, the MA energy of the CCCCFF/ is
larger than that of the CCCCCF/ by 0.43 meV/unit-area, and further-
more the large PMA due to the double-layer stacking of Fe at the MgO
interface can be confirmed even in thicker films; the MA energies of
CCCCCFF/, CCCCCCFF/, and CCCCCCCFF/ of the seven, eight, and nine
atomic-layer films result in 1.26, 0.95, and 1.45 meV/unit-area of the
PMA, respectively, which are larger than those of CCCCCCF/,
CCCCCCCF/, and CCCCCCCCF/ by 0.75, 0.71, and 0.75 meV/unit-area.

For the E-field-induced MA modification, as pointed out previously
[6], it may be attributed to change in the interlayer distance at the MgO
interface. Fig. 6(a) shows the calculated change in the interlayer dis-
tance, Ad;; = d; (0.25V/A) —d,/( —0.25V/A), for all 64 atomic-layer
configurations. As a result of metallic screening, the application of an E-
field leaves the interatomic distances basically unchanged with the
exception of dg;, which corresponds to the inter-atomic distance be-
tween the metal (Fe and Co) layer at L = 6 and the O layer at the MgO
interface and changes by about 4 x 1072 A for all atomic-layer config-
urations. As a consequence of the change in the Fe-O distance, the Fe d,»
band hybridization with the O p, orbital is modified. Fig. 6(b) shows the

differences in the Fe DOS, ADOS = DOS(0.25V/A) —DOS( —0.25V/A),

Fig. 4. (a, ¢) Energy contribution of
atomic-layer configurations in clusters

0.06 7] a = 41 and 21 to the MA energy,
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(a) EMA(K) and band structure

EMA (a.u.)

Total

L=5 and 6

Energy (eV)

Energy (eV)

(b) DOS of Fe
(L=5 and 6)
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Fig. 5. (a) Band structure along high symmetry k-
directions in the minority-spin state for CCCCFF/
(bottom figure). Line width represents relative
weights projected to Fe orbitals with quantum mag-
netic numbers, dy (green), d.; (red), and d.» (blue) at
L =5 and 6. The top figure in (a) shows the MA en-
ergy along the k-directions, EMA(k), (black line) and
the energy contribution of the Fe atoms at L =5 and 6
(red line). (b) m-projected density of states (DOS) of
the Fe atoms at L = 5 and 6 in the minority-spin state
for CCCCFF/. (c) Schematic energy diagram of d.;

orbitals (red lines) at I' and M points for freestanding
Fe monolayer (left figure), Fe monolayer on MgO
(right figure), and double-layer of Fe on MgO (center
figure). Green and blue lines represent the states for
dyp and d., orbitals, respectively. (d) Contour map of
EMA(K) in BZ [50], where red and blue areas represent
positive and negative energy contributions to the Eya,

respectively.

(c) Energy diagram
" d

d *J_rz(M)__ . e jfiz(M)
R (D)
) R R S E
5 da(M== T

dp() = =" =m=dy()

Fe 2L
on MgO
Fe ML
Fe ML on MgO

at L =5 and 6 in the CCCCFF/. At around 1.8 eV, the Fe d,. DOS for both
L =5 and 6 are clearly modified by the application of E-field. However,
more importantly, the Fe dy;y, DOS at L = 6, whose orbitals give the
PMA, is further modified around Er because of the (weak) hybridization
between Fe dy;y, and O py, orbitals, whereas those at L = 5 is not
modified. Thus, the E-field-induced MA modification comes mainly from
the single atomic-layer at L = 6 that accompanies the E-field-induced
change in the inter-atomic Fe-O distance.

Finally, we comment on the effect of intermixing between Co and Fe
at the MgO interface to the MA energy. Calculations for intermixed
structures of CCCXXF/ and CCXXXX, where X is Co and Fe with a
checkerboard arrangement on the atomic-layers, were carried out by
using an in-plane unit cell of V2 x /2 structure. The total energies of
intermixed CCCXXF/ and CCXXXX/ are found to be lower than that of
CCCCFF/ by 14 and 23 meV/atom, respectively, and the atomic inter-
mixing drastically decreases the MA energy to —0.01 and —0.12 meV/
unit-area. It may thus suggest that growth method, e.g., low temperature
annealing, plays a role in controlling the large PMA.

4. Summary

We investigated the MA energy and the E-field-induced MA modifi-
cation of Co-Fe multilayer thin films on MgO(001) by using first-
principles calculations combined with the CE method in order to
clarify the atomic-layer stacking dependence. The analysis of the CE
coefficients extracts the key short-range atomic-layer stackings. At the
MgO interface, the double atomic-layer stacking of Fe on the MgO en-
hances the interfacial PMA, while the short-range atomic-layer stacking
has no effect to the E-field-induced MA modification where the single Fe
atomic-layer at the interface plays a role. The physical origin underlying
these trends was subsequently addressed by band structure calculations.
In particular, the large PMA originates from the nearly flat d,; . bands
around Er due to the Fe double atomic-layer stacking. In contrast, the E-
field-induced MA modification is mainly attributed to the change in the
Fe dy;y, DOS at the single Fe atomic-layer at the interface that accom-

panies the E-field-induced change in the inter-atomic Fe-O distance.
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(b) CCCCFF/

Fe(L5)  Fe(L6)
/

I I ! !
-0.050 0.05 -0.050 0.05
ADOS ADOS

Fig. 6. (a) Change in interlayer distance, Ad,,, at E-fields of +0.25 V/A for all 64 atomic-layer configurations, where dg; corresponds to the inter-atomic distance
between the metal (Fe and Co) layer at L = 6 and the O layer at the MgO interface. (b) Change in the Fe DOS at L = 5 and 6 for CCCCFF/ by application of E-fields of
+0.25 eV. Green, red, and blue lines represent for d,2, dx;yz, and d,»_y» ., orbitals, respectively.
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