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Role of an interfacial FeO layer in the electric-field-driven switching of magnetocrystalline
anisotropy at the Fe/MgO interface
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The electric-field-induced switching of magnetocrystalline anisotropy (MCA) between in-plane and out-of-
plane orientations is investigated by first-principles calculations for the prototypical Fe on MgO(001) system.
Our results predict that an ideal abrupt Fe/MgO interface gives rise to a large out-of-plane MCA due to weak
Fe-O hybridization at the interface, but the MCA switching by an applied electric field is found to be difficult
to achieve. Instead, the existence of an interfacial FeO layer plays a key role in demonstrating the MCA
switching that accompanies an electric-field-induced displacement of Fe atoms on the interfacial FeO layer.
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Controlling magnetic properties by means of applied elec-
tric field (E field) is a key challenge in materials physics.
Materials  being  studied include  magnetoelectric
multiferroics!™* and magnetic semiconductors.>”’ Even in
itinerant thin films, magnetic properties such as the magne-
tocrystalline anisotropy (MCA) are modified by application
of a voltage;® there is general consensus that modification of
the surface d-electron charge/spin density induced by the E
field contributes to the effect.”~!2

Magnetic metal-oxide junctions are seen as an important
avenue toward ultrahigh density and nonvolatile
electronics'®!'* needed for information processing and stor-
age technologies. Recent experiments have reported that the
perpendicular MCA energy is significantly reduced by an
applied voltage in Au/Fe/MgO junctions,' i.e., at ultrathin
Fe/MgO interfaces. Moreover, the direct switching from out
of plane to in plane has been achieved in
Au/Fe;3Coy,/MgO.'¢ Such E-field-driven MCA switching
offers a pathway to control magnetism at the nanoscale with
ultralow-energy power consumption compared to traditional
switching using magnetic fields. Despite its importance, an
understanding of the underlying physics and mechanism of
the E-field-driven MCA modification in metal-oxide inter-
faces is still lacking due to the structural and electronic com-
plexity of the interfaces, thus, hindering the search for other
promising metal-oxide interface candidates.

Here, we present a mechanism for the FE-field-driven
MCA modification at the Fe/MgO interface, based on full-
potential linearized augmented plane-wave (FLAPW)
calculations.'”!® These calculations predict that an ideal
abrupt Fe/MgO interface gives rise to a large out-of-plane
MCA due to weak Fe-O hybridization at the interface, and
that the MCA modification is caused by changes in the
d-band structure at the Fermi level (Eg) when an E field is
introduced. However, the MCA switching by an applied E
field is found to be difficult to achieve. Instead, the existence
of an interfacial FeO, layer between the metallic Fe layer and
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the MgO substrate plays a key role in facilitating the MCA
switching, which accompanies an E-field-induced displace-
ment of the Fe atoms in the interfacial FeO layer.

Calculations were performed using the FLAPW method
which treats a single slab geometry!”!® that allows a natural
way to include an external E field.'%!° The E-field potential
applied along the surface normal (z axis), Vey=Fex2, 1S €X-
panded into interstitial, muffin-tin (MT) spheres and vacuum
regions, where F,, and z are the external E-field and z-axis
position, respectively.!® The added v, is included self-
consistently in calculations which are done within the local-
spin-density approximation® and the scalar relativistic ap-
proximation (SRA), i.e., excluding the spin-orbit coupling
(SOC). LAPW functions with a cutoff of |k+G|=3.9 a.u.
and MT sphere radii of 2.30, 2.15, and 1.80 a.u. for Fe, Mg,
and O atoms are used, where the angular-momentum expan-
sion inside the MT spheres is truncated at =8 for the wave
functions, charge and spin densities, and potential.

To determine the MCA, the second variational method?!-22
for treating the SOC is performed by using the calculated
eigenvectors in the SRA, and the MCA energy, Epca, 1S
determined by the force theorem,?>->> which is defined as the
energy eigenvalue difference for the magnetization oriented
along the in-plane [100] and the out-of-plane [001] direc-
tions. The use of 7056 special k points in the two-
dimensional Brillouin zone (BZ) was found to be sufficient
to suppress numerical fluctuations in Eyjca.

As models of an ideal abrupt Fe/MgO interface, we con-
sider two structures as shown in Fig. 1: (a) Fe/MgO(001) and
(b) Aus/Fe3/MgO(001) structures. The first represents a sur-
face Fe monolayer on an MgO(001) substrate and the latter,
an Au-capped, three-atomic-layer Fe film on an MgO sub-
strate where the surface magnetoelectric effect™!? is elimi-
nated by the nonmagnetic Au overlayer. The Fe atoms at the
interface are on top of the O atoms, as found by first-
principles calculations?® and low-energy electron diffraction
experiments.”’ In order to discuss the role of an interfacial
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FIG. 1. (Color online) Models and notation for the atomic struc-
tures of an ideal Fe/MgO(001) interface: (a) Fe/MgO and (b)
Auj/Fe3/MgO structures. The arrow at the left indicates the direc-
tion of the external electric field. An interfacial FeO layer between
the Fe layer and the MgO substrate is modeled by replacing Mg
atoms (Mg2) on the interface MgO layer by Fe atoms.

FeO, layer between the Fe layer and the MgO substrate, we
consider two additional structures, Fe/FeO,/MgO and
Aus/Fe;/FeO,/MgO, where (for x=1) Mg atoms on the
MgO interface layer (Mg2 atoms in Fig. 1) are replaced by
Fe atoms. For each structure, the in-plane lattice constant is
constrained to the calculated bulk MgO value. (The mis-
match between MgO and Fe lattice constants is ~4%.) The
atomic z positions are fully optimized using the atomic-force
FLAPW calculations,?® including the contributions from the
E field.

First, we present the atomic and the electronic structures
of the Fe/MgO interfaces in zero field. Results for the inter-
atomic distances between Fel and Ol atoms (cf. Fig. 1),
dpe.01, between Mg2 (Fe2) and O2 atoms, dyg(re)-02, and the
interlayer distance of Fe2 (Mg2) and Ol atoms, Zyg(re)-01>
are summarized in Table I. For the ideal abrupt Fe/MgO
interface of both Fe/MgO and Au;/Fe;/MgO structures, the
structural parameters obtained are almost identical to each
other with a small rumpling of the MgO layer (~0.1 A of
Img-02)- However, as seen in Fe/FeO/MgO and
Auy/Fe;/FeO/MgO structures, the existence of the interfa-
cial FeO layer significantly decreases the interatomic dis-
tance dg..0; by 8%, indicating an enhancement of the hybrid-
ization between Fel and Ol atoms. Moreover, a large
rumpling, i.e., a large outward displacement of the interfacial
Fe2 atoms with respect to the O1 atoms (~0.3 A of zp, o) is
observed. Note that the calculated structural parameters
qualitatively agree with those analyzed by surface x-ray
diffraction.?30

Figure 2 shows the calculated density of states (DOS) in
the MT spheres of the Fel atoms in zero field for Fe/MgO
and Fe/FeO/MgO structures. For the Fe/MgO structure, the
overall DOS is similar to that in a free-standing Fe
monolayer:' the DOS around Ep arises mainly from the
minority-spin states while the majority-spin states are almost
fully occupied and are located from —1 to —4 eV below Ef.
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TABLE 1. Calculated interatomic (interlayer) distances, d (z), in
A, between Fe and O atoms at the interfaces and MCA energy,
Eyicas in meV, in zero field.

dreo1 Amg(Fe)-02  IMg(Feo-01  Emca
Fe/MgO 2.09 2.16 0.08 1.28
Aus/Fey/MgO 2.08 2.14 0.05 0.94
Fe/FeO/MgO 1.91 2.35 032  -0.18
Aus/Fe;/FeO/MgO 191 2.30 0.27 -0.56

The orbital-decomposed DOS indicates that the minority-
spin d,, ,, (m=* 1) bands still cross Er but the minority-spin
d.» (m=0) bands are pushed up above Ep due to weak hy-
bridization with the O1 p, orbitals. For the Fe/FeO/MgO
structure, however, the enhancement of the Fe-O hybridiza-
tion due to the existence of the interfacial FeO layer pushes
the d,,,, bands to higher energy above Eg. For the Au-
capped Fe systems, the trend in the electronic structure is the
same, although the DOS (not shown in the figure) indicates
that the bandwidth becomes wider due to the presence of the
overlayer.

We now consider the MCA. Tables I and II give the cal-
culated Eyca values in zero field and +1 V/A, respectively.
In zero field, the Eyicn for the ideal abrupt interface of Fe/
MgO and Aus/Fe;/MgO structures have very large positive
values of 1.28 meV and 0.94 meV, respectively, indicating a
strong out-of-plane MCA compared to that of the free-
standing Fe monolayer.'® When an E field is introduced, the
MCA is modified; for the Fe/MgO structure, a negative E
field enhances the MCA by 0.15 meV while a positive one
reduces it by 0.10 meV. However, for these fields, no mag-
netization switching from the out of plane to the in plane is
realized. Even in the case of the Aus/Fe;/MgO structure, the
modification of the MCA is very small, ~0.05 meV. Thus,
E-field-driven MCA switching may be difficult to achieve for
these systems.

In  striking  contrast, for  Fe/FeO/MgO  and
Aus/Fe;/FeO/MgO structures, the Eyca turn out to have
negative values of —0.18 meV and —0.56 meV, respectively.

(a) Fe/MgO (b) Fe/FeO/MgO

DOS (states/atom spin)

Energy (eV)

Energy (eV)

FIG. 2. (Color online) Zero-field DOS for Fel atoms (thick
lines) for Fe/MgO and Fe/FeO/MgO structures along with the
orbital-decomposed (thin lines) DOS. Dotted-dashed, solid, and
dashed lines represent dj (d.2), d+; (d,.,,), and d-, (d,2_y2 ) or-
bitals, respectively.
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TABLE II. Calculated interatomic (interlayer) distances, d (z), between Fe and O atoms at the interfaces
and MCA energy, Eyca, in external electric fields of =1 V/A. Notation is the same as in Table I.

-1 V/A 1 V/A
dre-01 dMg(Fe)-OZ IMg(Fe)-O Evca  dreor dMg(Fe)—O2 IMg(Fe)-01 Enca
Fe/MgO 2.07 2.12 0.03 143 2.10 2.17 0.10 1.18
Aus/Fe;/MgO 2.07 2.10 0.06 0.89 2.10 2.17 0.08 0.98
Fe/FeO/MgO 1.89 2.29 0.28 -0.07 193 2.43 0.36 -0.34
Auy/Fe;/FeO/MgO 1.90 225 0.23 -044 193 237 0.31 -0.80
Auy/Fe;/FeOys/MgO  1.85 226 0.29 0.85 187 239 0.35 0.60

Thus, the presence of the interfacial FeO layer drastically
changes the MCA. When an FE field is introduced, a large
MCA modification appears where a negative E field en-
hances the MCA by about 0.1 meV while a positive one
reduces it by about 0.2 meV; this E field dependence is in
agreement with experiments.'>16

In order to understand the MCA, the minority-spin band
structures and the MCA energy contributions, Ey;ca(k), in E
fields of +1 V/A along high-symmetry directions for Fe/
MgO and Fe/FeO/MgO structures are shown in Fig. 3. For
the Fe/MgO structure, the overall features of the d-band
structure are not altered much compared to those of a free-
standing Fe monolayer.!® However, since the d.> bands are
pushed up above Ep [cf. Fig. 2(a)], the negative Epca(K)
around I" (see Fig. 3 in Ref. 10) disappears, indicating that
the out-of-plane MCA is enhanced compared to the free-
standing Fe monolayer. Since there are no band intersections
between d2 and d,, ,, bands at §(f-1\71) and %()Z—l:) around
Eg, the MCA modification in these k points is no longer
excited when an E field is introduced. Thus, the modification
of the MCA by an applied E field occurs only around M as
seen in Fig. 3(a).
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FIG. 3. (Color online) Calculated minority-spin band structures
and MCA energy contribution, Eyca(K) along high-symmetry di-
rections for (a) Fe/MgO and (b) Fe/FeO/MgO structures in external
electric fields of =1 V/A (dashed lines) and 1 V/A (solid lines).
Bands 3, 4, and 5 stand for d,2_2, d,,, and d,_ . states, respectively.

Furthermore, for the Fe/FeO/MgO structure, the positive
Eyca(k) around M disappears since the d ... bands shift to
higher energy above E and do not cross Ef, as seen in Fig.
3(b). Thus, Epca(k) turns out to be negative in most of the

BZ except around T, which arises from the SOC between
occupied d,, and unoccupied d,, . states. When an E field is

introduced, Eyca(k) around T is found to be very sensitive
to the atomic position of the interfacial Fe2 atoms. As shown
in Table II, the Fe2 atoms move inward in a negative E field
but outward in a positive one, while calculations with no
atomic relaxation, i.e., fixing the structural parameters at the
zero-field values, lead to a very small MCA modification
(within  0.06 meV) for both Fe/FeO/MgO and
Aus/Fe;/FeO/MgO structures, demonstrating the impor-
tance of the field-induced relaxations.

Based on these results, we conclude that at the ideal
abrupt Fe/MgO interface the E-field-driven MCA switching
from the out-of-plane MCA to the in-plane MCA does not
occur, but rather the existence of an interfacial FeO layer
between the metallic Fe layer and the MgO substrate plays a
key role. For the Au-capped Fe systems, we estimate the
dependence of Ey;cp on the oxygen concentration in the in-
terfacial FeO, layer [cf. Fig. 4(a)], including additional cal-
culations for Aus/Fe;/FeO,s/MgO where the 2 X y2 cell
of Fig. 1(b) was employed. Results indicate that formation of
the partial interfacial FeO layer enhances the MCA energy
difference between positive and negative E fields compared
to the ideal abrupt Fe/MgO interface and x in the range
50-100 % are promising candidate for E-field-driven MCA
switching. The calculated structural parameters (given in
Table II) are found to be roughly similar to those of
Auy/Fey/FeO/MgO, i.e., the Fe atoms in the interfacial
FeOy 5 layer are displaced by the E field as well. Growth of
such partial interfacial atomic structures might be possible
by adjusting the oxygen atmosphere, as demonstrated in
experiments?*~3! and first-principles calculations.*?

Eyica can also be modified by changing the number of
valence electrons by, for example, doping with Co. The re-
sults for the Au-capped Fe systems within a rigid band model
are shown in Fig. 4(b). For the interface with a FeO 5 inter-
facial, the Ey;ca in both positive and negative E fields de-
creases at approximately the same rate as the number of va-
lence electrons increases. For approximately AN>0.2
electrons/Fe atom, switching should be feasible, consistent
with recent experiments for the Au/FeCo/MgO.'® In contrast,
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for both the ideal abrupt Fe/MgO interface and the interface
with the perfect interfacial FeO layer, the E-field-driven
MCA switching is unlikely, as shown in Fig. 4(b).
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