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Electronic and magnetic structure at the Fe/Fe;O, interface
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The exchange coupling (EC) observed recently in Fe/Fe;O4(001) junctions is comparable in magnitude to that
in Co/Ru/Co trilayers and has potential applications in spintronic devices. To clarify the EC mechanism, the
electronic and magnetic states of Fe/Fe;O, junctions are calculated via a first-principles method by assuming
four structures of bec Fe layers stacked on Fe;O4 (001) layers. We show that the local magnetic moment m of
bce Fe atoms increases at the interface, whereas that of Fe ions at the Fe;O, layer decreases at the inferface. The
total energy of the junctions is plotted as a function of the distance between Fe and Fe;O,4 layers. The EC energy
between the Fe and Fe;O, layers with flat interfaces is calculated to be two orders of magnitude larger than the
experimentally determined EC energy. The large energy is attributed to the interatomic exchange interactions at
the interface. To explain the experimental results, we propose a mechanism of EC mediated by the impurity-like
states of bcc Fe atoms that possess reversed m at the interface. Frustration effects in the EC between Fe and

Fe;0, layers are also discussed.
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I. INTRODUCTION

Magnetic junctions composed of more than two thin
magnetic layers have provided interesting physics and tech-
nological applications in the field of spintronics. Magnetic
multilayers consisting of alternate stackings of ferromagnetic
and nonmagnetic metals give rise to giant magnetoresistance
(GMR)'? and interlayer exchange coupling (IEC).!** Fer-
romagnetic tunnel junctions composed of two ferromagnetic
layers separated by a thin insulator result in tunnel magnetore-
sistance (TMR).>® The direct contact of a ferromagnet (FM)
and an antiferromagnet produces the so-called exchange bias
(EB)’® in the magnetization process. These concepts of GMR,
IEC, TMR, and EB are essential in spintronic applications.

The search for novel ferromagnetic materials has also
provided productive results in the form of high-quality half-
metallic FMs in which one spin state is metallic and the other is
insulating. Typical examples of half-metals are Heusler alloys
and perovskite Mn oxides.”"!> Because spin polarization of
the density of states (DOS) at the Fermi level is high in
half-metals, they are promising in spintronic applications. In
fact, tunnel junctions composed of Heusler alloys exhibit high
TMR ratios.'>!* The magnetite Fe;0,—the first ferromagnet
ever discovered—was also predicted to be half-metallic by
first-principles band calculations.!>!¢ Several attempts were
made to use Fe3;Oy4 in tunnel junctions aiming at high TMR
ratios, but the obtained TMR ratio was not sufficiently
high for practical applications.!”?! Nevertheless, Fe;0y films
attract much interests as a means to explore spin-dependent
properties such as the oscillatory spin polarization of epitaxial
Fe;O, films on GaAs and polar switching in Fe;04-BiFeO3
nanocomposite thin films.?>?3
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Yanagihara et al. recently observed exchange coupling (EC)
in Fe/MgO/y-Fe,03 and Fe/MgO/Fe;0,4 junctions by using
the magnetization and magnetooptical measurements.?*~2°
The coupling is antiferromagnetic, i.e., the Fe and Fe;O4
magnetizations align antiparallel to each other. The EC is
antiparallel even in Fe/Fe;O4 junctions and the EC magni-
tude (approximately 1.5 erg/cm? in Fe/Fe;0,) decays with
increasing MgO thickness. This value is similar to the IEC
value in Co/Ru/Co trilayers,* and thus Fe/Fe;0, junctions can
be used as synthetic antiferromagnets when the magnetizations
of the Fe and Fe;O4 layers are compensated. It is noted that
the EC shows almost no temperature dependence. Fe/Fe;O4
junctions may provide a new type of junctions composed of
two different strong ferromagnets (FMs), which are distinct
from magnetic trilayers and EB systems.

The IEC in ferromagnetic junctions using an insu-
lating spacer has been reported both theoretically and
experimentally.?’-3° Experimental results for Fe/MgOQ/Fe/Co?’
indicate a sign change in the IEC with increasing MgO
thickness and a rapid decay in the IEC magnitude with
increasing MgO thickness. Results for Fe/MgO/Fe*® showed
that the IEC of Fe/MgO/Fe junctions is smaller than that in
Fe/MgO/Fe/Co by one order of magnitude and that oxygen
vacancy contributes the antiferromagnetic coupling. On the
other hand, EC in Fe/MgO/Fe; Oy is antiparallel irrespective
of the MgO thickness and the EC values are approximately
the same as the IEC values in Fe/MgO/Fe/Co with 0.5—
0.9 nm MgO thickness. It is therefore expected that the oxygen
deficiency may have an influence also on EC in Fe/MgO/Fe;O4
junctions with finite MgO thickness. However, it is rather
surprising that a direct contact between two metallic FMs gives
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rise to antiparallel EC with a magnitude similar to the IEC in
Co/Ru/Co trilayers.

The mechanism behind antiparallel magnetization align-
ment in Fe and Fe; Oy, is unclear, and the electronic and mag-
netic structures of the Fe/Fe;O4 and Fe/MgO/Fe; 0,4 junctions
are not yet amply studied. The few experimental studies that
exist report that the surface of Fe;04(001) has a («/E X «/5)45O
structure called the modified B(Fe) layer.?'** To explain the
mechanism behind EC in Fe/Fe;O4 and Fe/MgO/Fe;O4 junc-
tions, both theoretical and experimental studies are extremely
desirable. In the present study, we perform first-principles band
calculations for clean Fe/Fe;04(001) junctions to clarify the
electronic and magnetic structures at the interface. We also
calculate the total energy of junctions with parallel (P) and
antiparallel (AP) alignment of Fe and Fe;04 magnetizations as
a function of the interlayer distance between the Fe and Fe;O4
layers. We define the difference Eap — Ep = AE between the
lowest energies in P and AP alignments as the EC energy
and observe that AE is larger than the experimental values
by two orders of magnitude. The large calculated EC is
attributed to an EC between the local magnetic moments at
the interface. To explain the experimental results, we propose
an extrinsic mechanism for the AP alignment that is mediated
by impurity-like states of Fe atoms at the interface.

The bulk Fe;0, forms a cubic lattice at room temperature
and transforms to a charge-ordered monoclinic lattice below
the so-called Verwey temperature (~120 K).3*3¢ Thus far
many first-principles band calculations have been performed
for bulk Fe; O4 with cubic, monoclinic as well as orthorhombic
lattice structures.'>!%3743 Recent first-principles calculations
that include self-interaction corrections*>*} indicate that
Fe;0, is indeed half-metallic; this result is consistent with
previous ones.'>!® A suitable choice for the so-called U
parameter in the local spin density approximation (LSDA) +
U method gives similar results. The generalized gradient
approximation (GGA) + U method adopted to calculated the
electronic structure with the monoclinic lattice reproduced the
observed charge-ordered state.***! In the present work, we
use the latter method for Fe/Fe;O4 junctions and adopt a
supercell that includes three bcc Fe atomic layers and four
Fe;O,4 atomic layers. Details of the method used and of the
contact structures are presented in the next section. In Sec. II1,
we present results for the local DOS, local Fe moments in
bcc Fe and Fe;Oy4 layers, and the total energy calculated
for clean interfaces. Because the atomistic structures at the
interface are unknown, we also perform calculations with
the spatial relaxation of atomic sites and the direction of
magnetic moments at the interface. Calculations using several
values of U will also be performed. In Sec. IV, we compare
the calculated and experimental results and discuss possible
mechanisms for the observed EC. We also discuss magnetic
states at the interface from the viewpoint of the recently
reported Mossbauer measurements.** Concluding remarks are
presented in the final section.

II. METHOD OF CALCULATION AND JUNCTION
STRUCTURES

Fe;O, is an inverse spinel ferrite, in which Fe ions exist
on tetrahedral sites (called A-sites) surrounded by four O ions
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FIG. 1. (a) Lattice structure of spinel ferrites, (b) atomic arrange-
ment on (010) plane, (c) atomic arrangement on (001) plane, where
the square with solid lines denotes the p(1 x 1) structure, and (d) bce
Fe lattice.

or on octahedral sites (B-sites) surrounded by six O ions. The
valence of A-site Fe ions is 3+ and that of B-site Fe ions
is either 3+ or 2+4. Fe;O4 is a metal with a resistivity p ~
4 x 1073 Q cm at room temperature. Because the observed
EC in Fe/Fe;O4 shows almost no temperature dependence, we
adopt the cubic lattice structure for Fe;O4. The lattice structure
of Fe;04 is shown in Fig. 1(a). Because the magnetic moments
of A-site Fe (hereafter denoted as A-Fe) are antiparallel to
those of B-site Fe (B-Fe) and the number of A-Fe sites is half
that of B-Fe sites, it can be said Fe;Oy, is a ferrimagnet with a
total magnetic moment 4 pp/Fe;0y.

The structure of Fe;Oy4 in the [001] direction [Fig. 1(b)]
consists of stacked layers alternating between those that
contain only A-Fe ions and those in which B-Fe ions and O
ions coexist. The former and latter layers are hereafter called
A-Fe and B-Fe layers, respectively. The charge distribution on
each layer is not compensated.

The junction structures used in the calculations are deter-
mined via the following procedure. An Fe;O4 (001) layer may
be subject to either an A-Fe layer or a B-Fe layer termination.
Examples of B-Fe and A-Fe layer terminations are shown
in Figs. 2(a) and 2(b), respectively. We assume that the bcc
Fe layer is epitaxially stacked on A-Fe or B-Fe layers and
that the modified B-Fe structure reported previously*'~** may
disappear because of the deposition of the bec Fe layer. Three
plausible structures of a bec Fe layer commensurate to A-Fe
and B-Fe terminations are shown in Figs. 2(c)-2(e). In the
figures, solid and broken lines indicate the first and second

@ beeFe

(© (d) (e) model III

FIG. 2. Atomic arrangement of (a) B-Fe layer and (b) A-Fe layer.
(c)—(e) Possible structures of bce Fe lattice on Fe;O4 (001). Solid and
broken lines in bce Fe lattice show the first and second atomic layer,
respectively, on Fe;Oj.
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FIG. 3. Junction structures (unit cells) used in the calculation;
upper (lower) panels show the top (side) view. (a) Model I of bce
Fe lattice with B-Fe layer termination, (b) model II with B-Fe layer
termination, (c) model I with A-Fe layer termination, and (d) model
II with A-Fe layer termination. Numbering of atomic layers is also
presented.

atomic layer in the bee Fe layer, respectively. We refer to these
structures as models I, II, and III.

In the stacking of model III, shown in Fig. 2(e), Fe atoms
on the first atomic layer of the bcc Fe layer may exist in the
open space of the B-Fe layer in Fe;Oy, but those in the second
atomic layer exist immediately above the O sites, which have
large ionic radii, resulting in short atomic distances between
Fe atoms and O ions. Therefore we omit stacking model III
and deal with four junction structures that include A-Fe or
B-Fe terminations with commensurate stacking of models I or
11, as shown in Fig. 3.

The unit cell used in the calculation contains three atomic
layers of bee Fe and four atomic layers of Fe;O,4 with a vacuum
layer above bce Fe layer. The cross section of the unit cell on
the (001) plane is a p(1 x 1) structure with 5.95 A sides as
shown in Fig. 1(c). Because the lattice constant of bcc Fe is
2.87 A [see Fig. 1(d)], there is a minor mismatch in the lattice
constants between the bcc Fe and Fe;O,4 layers. We neglect
this small lattice mismatch, and assume that the lattice constant
of the cross section is 2.87 x 2 A. A unit cell comprises 26
atoms; 12 Fe atoms in the bee Fe layer, 6 Fe, and 8 O atoms in
the Fe;O4 layer in the junction structures, except for the A-Fe
model II. Because the number of bce Fe atoms in the structure
of A-Fe model II structure is 11, we add another A-Fe atom
at the bottom of the structure, as shown in Fig. 3(d), such that
the total number of Fe atoms in the unit cell is identical to that
in other junction structures.

We use the first-principles band calculation provided by the
VASP package,® in which the PAW (projected-augment wave)
pseudopotential and a spin-polarized GGA-PW (Perdew-
Wang) method, which includes a correction of the Coulomb
interaction U, are adopted. The cutoff value of the plane waves
is 400 eV. We have chosen the value of U = 4.5 eV for Fe ions
in Fe30, as adopted by Leonov et al.** and Jeng et al.*' The
same value of U has been adopted by Antonov et al.,’®3° in
which LSDA + U was adopted. The latter reported that the
calculated results of the electronic structure with U = 4.5 eV
are in good agreement with experimental ones obtained by
magneto-optical measurements and give a reasonable value of
the energy band gap in the insulating phase at low temperature.
We have confirmed that our calculated results of DOS in
GGA + U (4.5 eV) are almost the same with those calculated
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by Jeng et al., and consistent with those calculated in HSE06*
and those calculated by Szotek et al.** U is assumed to
be zero for Fe atoms in the bcc Fe layer. The k point
sampling is (9,9,1). We confirmed that the results converge
sufficiently by performing (9,9,3) and (13,13,1) samplings.
The position of the O ions is optimized for bulk Fe;O4 in
the first-principles calculation and the resultant value of the
so-called u parameter is 0.3795, which is reasonable when
compared to the ideal value 3/8 and the experimental value of
0.379.4

The total energy of the junction, the local density of states
(DOS) and the local magnetic moments m of atoms or ions are
calculated for the P and AP alignments of bcc Fe and Fe;O4
magnetizations. The EC energy of the junction is defined by
the difference in the total energy between P and AP alignments,
AE = Eap — Ep. When AE > 0 (<0), the P (AP) alignment
is stable.

III. CALCULATED RESULTS

In this section, we report the results of our calculation for
bulk Fe;Oy in subsection A, and present the local DOS, m, Ep,
and Ep calculated for Fe/Fe;O4 junctions with A-Fe and
B-Fe layer terminations in subsections B and C, respectively.
Section III D presents the results of calculations for structures
that allow the atomic position of Fe atoms or ions to be
relaxed. Section III E presents results calculated by relaxing
the direction of interfacial magnetic moments and by using
smaller values of U.

A. Results for bulk Fe;O0,4

The results of the local DOS calculated for A-Fe and
B-Fe ions and total DOS per unit cell of Fe;O4 are shown
in Figs. 4(a)-4(c). The DOS for bcc Fe is also presented in
Fig. 4(d). Both majority- and minority-spin states of A-Fe
have an energy band gap at the Fermi energy, which proves that
A-Fe ions are insulating. The local DOS for B-Fe, however,
has finite DOS at the Fermi energy in the minority-spin state,
and shows a half-metallic feature. As a result, bulk Fe;Oy4
becomes half-metallic, as shown in Fig. 4(a). Because u varies
from its ideal value, several nonequivalent sites exist for A-Fe,
B-Fe, and O ions. However, differences in their local DOS
due to the nonequivalence of atomic sites are small. The local
DOS for Fe ions in Fe30y4 is considerably different from the
bulk DOS of bce Fe, shown in Fig. 4(d), because of a strong
hybridization between the p orbitals in O ions and d orbitals
in Fe ions.

The calculated values of m for A-Fe and B-Fe ions are
approximately —4.1upg/atom and 3.9-4.1 ppg/atom, respec-
tively, and those for O ions are 0.04-0.05 pugp/atom. The
total moment is 4.0 wg/Fe;04. There is almost no difference
in the absolute values of the magnetic moments in A-Fe
and B-Fe ions, which is in contrast to those expected in
the ionic model. The results, however, are consistent with
previous results calculated via the first-principles method.*?
Experimental values for A-Fe moment were reported to be
—3.8to0o —4.2 ug /atom.47 In addition, the magnetic moment
of Fe in bce Fe is calculated to be 2.24 g /atom.
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TABLE I. Calculated results for local magnetic moment m on Fe
20 L (a) total g atoms or ions in the unit cell of Fe/Fe;O, with A-Fe termination. L
10t 1 indicates atomic-layer numbering given in Fig. 3, and I(I)-P(AP)
0 \ indicate model I(II) with P(AP) alignment of bcc Fe and Fe;Oy4
-101 w\ 1 magnetizations, respectively.

=20t 1
; L I-P I-AP II-P II-AP

4H(b) A-Fe ﬂb ]
2t 7 bce Fe 7 2.928 —-2.929 2.894 —2.905
0 DU VY S 7 2.920 —2.928 2.966 —2.944
ot J 7 2.920 —2.928 2.959 —2.959
= 4t & i 7 2.928 —2.929 2.905 —2.903
2, r y ] 6 2.323 —2.374 2.424 —2.472
2 41(c) ﬂ B-Fe 6 2312 —2.305 2420 2471
S 2r i 6 2.323 —2.372 2.420 —2.471
s 0 6 2.310 —2.386 2.424 —2.472
% =27 1 5 2.778 —2.764 2.797 —2.685
5 4} . 1 5 2.769 —2.765 2.942 —2.937
g 4o wre - A
2 \ A-Fe 4 —3.403 —3.469 —3.602 —3.566
0 A B-Fe 3 4.012 4.025 3.906 3.815
-2 I 3 4.012 4.025 3.906 3.815
-4 , ] A-Fe 2 4.059 —4.070 —4.036 —4.048
-5 0 B-Fe 1 4.149 4.137 3.725 3.649
Energy (eV) 1 4.149 4.137 3.725 3.649
A-Fe 0 - - —3.624 -3.625

FIG. 4. Calculated results of (a) total DOS of bulk Fe;O4,(b) local
DOS of A-Fe ions, (c) local DOS of B-Fe ions, and (d) bulk DOS of
bee Fe.

B. Results for bee Fe/Fe; 04 junctions
with A-Fe layer termination

Calculated results for the local DOS of bee Fe atoms and
A-Fe ions at the interface in the structure of A-Fe model I are
shown in Fig. 5 for P and AP alignments. Here, we see that the
majority-spin local DOS of bce Fe atoms is almost saturated,
as shown in Figs. 5(a) and 5(b). The energy band gap of Fe-A
ions is almost washed away because of band mixing between
Fe atoms in bce Fe and Fe;O4 layers.

The calculated values of m for Fe atoms or ions in the
unit-cell structures of A-Fe models I and II are presented in
Table I. The numbering of the atomic layers in the unit cell

4 (a) pa'rallel 17() an'tiparallel ]
&0 - r
g It .
T M
R T
A -2t
41 . 1L
-5 0 -5 0
Energy (eV) Energy (eV)

FIG. 5. (a) Local DOS of bee Fe atoms at interface in parallel (P)
alignment and (b) antiparallel (AP) alignment, calculated for A-Fe
model I. (¢) Calculated results of local DOS for A-Fe ions at the
Fe;0y, interface in P alignment and (d) AP alignment.

is presented in Fig. 3. The values of m for A-Fe ions at the
interface are reduced to approximately —3.4 to —3.6u /atom.
The reduction of the magnitude may be due to band mixing
between bec Fe and Fe;O4 layers. However, the values of m
for bcc Fe atoms at the interface increase, thereby reflecting
the saturated local DOS of Fe atoms at the interface. The value
of m for Fe atoms on the sixth atomic layer is nearly the
same as that for bulk Fe, but that on seventh layer increases
to approximately 2.9 upg/atom. The latter results are caused
by surface effects because the unit cells shown in Fig. 3 are
periodically arranged using a vacuum spacer.

Figure 6 shows the results of the total energy as a function of
the interlayer distance d defined in Fig. 3 for A-Fe model I and
A-Fe model II. We find several characteristics in Figs. 6(a) and
6(b). A local minimum appears in the total energy with respect
to the interlayer distance d. Therefore the assumed structures
are at least locally stable. The lowest energy occurs at d ~
2.7 A in model I. Because the interlayer distance between the
A-Fe and B-Fe layer is 1.05 A, the interlayer distance between
bee Fe and Fe3Oy is approximately 1.65 A, which is shorter
than the distance d ~ 2 A calculated for the B-Fe models 1
and II, as shown in Sec. III C. This result may be attributed to
a sparse arrangement of Fe atoms on the A-Fe layer.

The lowest energy is —178.82 eV per unit cell, and P
alignment is more stable than AP alignment. The energy
difference, which is the EC energy AE = 0.16 eV per unit
cell or 78 erg/cm?, is larger than the experimental value by
two orders of magnitude. Both magnetization alignment and
EC energy are thus in contradiction with the experimental
results.
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FIG. 6. Calculated results of total energy with parallel (P) and
antiparallel (AP) alignments of bcc Fe and Fe;O, magnetizations
as a function of the interlayer distance between bcc Fe and B-Fe
layers defined in Fig. 3. Results are for (a) A-Fe model I and (b)
A-Fe model II. Open and closed symbols denote results for P and AP
alignments of Fe and Fe;O4 magnetizations, respectively.

C. Results for bee Fe/Fe;O4 junctions
with B-Fe layer termination

Figure 7 shows the calculated results for the local DOS
of bcc Fe atoms and B-Fe ions at the interface of Fe/Fe;O4
junctions with a B-Fe termination model I. The tendency of
the change in the local DOS is almost the same as that shown
in Fig. 5 for Fe/Fe;O4 junctions with an A-Fe termination. The
local DOS of B-Fe ions, however, is more distorted than that
of A-Fe ions, and the energy band gap in the minority spin
state completely disappears.

Table II shows the calculated results for m, which are
also similar to those shown in Table I, except for one small
difference. The magnetic moment of B-Fe ions on the atomic
layer four is reduced to a lesser extent compared to that of
A-Fe ions on the layer four in the structure of A-Fe models
I and II. This result indicates that the magnetic moment of
A-Fe ions is sensitive to perturbations caused by surrounding
atoms.

The total energy of the junction is presented in Fig. 8 as a
function of the interlayer distance d. The local minimum of
the total energy appears at around d = 2 A, which is relatively

r(a) pa'rallel 1 F(®) antiparallel 1

S N A

[
)

o

SN A

™

DOS (1/eV/atom/spin)
|
i

|
]

|
N

s 0 s 0
Energy (eV) Energy (eV)

FIG. 7. (a) Local DOS of bcc Fe atoms at the interface in P
alignment, and (b) those in AP alignment calculated for B-Fe model I.
(c) Calculated results of local DOS of B-Fe ions at the interface of
Fe;0,4 layer in P alignment, and (d) those in AP alignment.
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TABLE II. Calculated results for m on Fe atoms or ions in the
unit cell in bee Fe/Fe; O, junctions with B-Fe termination.

L I-P I-AP 1I-P II-AP
bee Fe 7 2.928 —2.931 2.925 —2.920
7 2.926 —2.931 2.929 —2.920
7 2.926 —2.931 2.924 —2.924
7 2.928 —2.931 2.932 —2.921
6 2.389 —2.405 2.370 —2.393
6 2.346 —2.363 2.373 —2.387
6 2.395 —2.423 2.373 —2.387
6 2.326 —2.380 2.370 —2.393
5 2.861 —2.817 2.745 —2.587
5 2.862 —2.815 3.006 —2.995
5 2.862 —2.815 2.741 —2.453
5 2.861 —2.817 3.046 -3.016
B-Fe 4 3.792 3.824 3.926 3.914
4 3.792 3.824 3.926 3914
A-Fe 3 —4.048 —4.079 —4.040 —4.073
B-Fe 2 4.016 3.875 3.860 3.875
2 4.016 3.875 3.860 3.875
A-Fe 1 —3.661 —3.647 —3.608 —3.647

larger than the interlayer distances 1.05 A in Fe30,4 and 1.48 A
in bee Fe. The large value of d may be attributed to the large
ionic radius of O. Note that the size of the circles shown in the
Fig. 3 corresponds to the ionic radii of Fe and O. The lowest
energy state occurs in P alignment, similar to the calculated
results for Fe/Fe;O4 junctions with A-Fe termination. The
lowest energy is —188.5 eV per unit cell. The values of AE
are 0.11 eV per unit cell (52 erg/cm?) for model I and 0.34 eV
per unit cell (167 erg/cm?) for model II, which are larger
than the experimental value 1.5 erg/cm? by two orders of
magnitude. The results are similar to those for junctions with
A-Fe termination.

D. Relaxation of Fe atoms at interface

Thus far we have performed calculations for epitaxial
Fe/Fe;04 junctions with flat interfaces. In real junctions, the
interface cannot be perfectly flat and may include some rough-
ness or disordered arrangement of atoms or ions. Although

—170 TyrJrvyr vy T T
(a) model I (b) model IT
—172f 1+ :
S O Ep 8‘&
= _174f ® Ew 4§ .
. %
5 § 4
E L 1+ '*X 1
—178f g . Gf:::'T
S0 ST T o 15 2 25
d(A) d(A)

FIG. 8. Calculated results of Ep and Ep for structures with
(a) B-Fe termination with model I and (b) B-Fe termination with
model II as a function of the interatomic distance d defined in Fig. 3.
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FIG. 9. (a) Lattice structure of unit cell in which Fe atoms of
bee Fe layer are relaxed and (b) in which A-Fe ions in Fe;O,4 layer
are relaxed. (c)—(e) Calculated results of total energy for P and AP
alignments of magnetization as functions of distance d for several
values of displacement § of Fe atoms shown in (a). (f)—(h) Calculated
results of total energy for displacement ¢ of A-Fe ions shown in (b).

there are many possible arrangements for disordered atoms,
here we focus on the fact that the structure of B-Fe model II [see
Fig. 3(b)] continuously changes into that of the A-Fe model II
see Fig. 3(d)] by shifting the position of Fe atoms at the
interface. Considering this fact, we performed first-principles
calculations for the modified structures of B-Fe model II and
A-Fe model II shown in Figs. 9(a) and 9(b), respectively. In
the former structure, Fe atoms in the bcc Fe layer are shifted
by a distance §, and in the latter structure, A-Fe ions at the
interface are shifted by £. Note that the value of U is assumed
to be zero for bce Fe atoms but 4.5 eV for A-Fe ions for the
structures shown in Figs. 9(a) and 9(b).

Calculated results for the total energy are shown in
Figs. 9(c)-9(h) as a function of the interlayer distance d.
Results with § = 0 and £ = 1.05 A shown in Figs. 9(c) and
9(f), respectively, are for unrelaxed structures. With increasing
6 and ¢, the lowest energy for Ep decreases. The interlayer
distance d at which Ep is minimal seems to decrease with
increasing § or £. The changes in Ep and d indicate that the
structure tightens by relaxing Fe atoms at the interface.
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The value of AE = Eap — Ep, however, remains positive
irrespective of the shift in § and ¢, i.e., the P alignment of
Fe and Fe;04 magnetizations is stable. The magnitude of AE
at d =2 A, shown in Fig. 9(h), is relatively small, but the
dependence of AE on d seems to be less reliable in this case,
possibly because of our treatment of U, which we assign as
zero for Fe atoms in the bce Fe layer and as 4.5 eV for A-Fe
atoms in Fe;O4. We find no stable AP alignment of bcc Fe
and Fe;O4 magnetizations even for structures with relaxed
Fe atoms or ions at the interface.

Fonin et al. observed a shift of B-Fe atoms 40.09 A
in the surface reconstruction.’ In our calculation, we did
not consider such a lattice relaxation along lateral directions
because a larger unit cell is required to include lattice relaxation
along lateral directions. Judging from the results shown in

Fig. 9, we expect that a lattice relaxation less than 0.1 A may
not change the sign of EC.

E. Relaxation of magnetic moment and value of U

The stability of AP alignment may be realized when the
direction of the magnetic moments of atoms or ions at the
interface is relaxed. Figures 10(a) and 10(b) show calculated
results of Ep and Eap as functions of the interlayer distance
d for junctions with reversed magnetic moments on A-Fe
layers at the interface and for those with reversed magnetic
moments on bee Fe atoms at the interface, respectively. The
lattice structure shown in the inset is the same as that shown in
Fig. 9(a) with § = 0.4 A. The stable alignment is unchanged
when the magnetic moment on the A-Fe layer is reversed, as
shown in Fig. 10(a). However, in the structure shown in the
inset of Fig. 10(b), AP alignment is stable at d ~ 2 A. This
result may suggest that a spatial fluctuation of the direction
of magnetic moments may stabilize AP alignment of the
magnetizations.

Here we perform GGA+-U calculations with small values
of U, and examine effects of U on EC in Fe/Fe;0,. As for bulk
properties of Fe;O4, we obtain the half-metallic feature even
for U = 0 with magnetic moments —3.4 and 3.5 pp/atom for
A-Fe and B-Fe, respectively. The results are similar to those
calculated by Wenzel et al.*> When the value of U is increased
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-173-2 E:g 4175t ]
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“ - .
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FIG. 10. Calculated results of Ep and Esp for junctions with
reversed magnetic moments on (a) A-Fe layer at the interface and
(b) bee Fe atoms at the interface with § = 0.4 A as a function of the
interlayer distance d. Open and closed circles indicate Ep and Eap,
respectively. Insets show the structure of the unit cell.
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to 4 eV, the magnitude of the magnetic moments of A-Fe and
B-Fe increased to be —4.0 and 3.9 wp/atom, respectively, and
the energy band gap becomes larger than that calculated for
U = 0. The large energy band gap is similar to that calculated
by other groups*'**?> and that calculated in HSE06 method,*
but differs from that obtained by Wenzel et al.*® At the present
we do not understand the reason for the difference.

We have performed the calculation of AE with smaller
values of U using larger k-point sampling (11,11,3) at the
distance with the minimum energy shown in Figs. 6 and 8. The
calculated values of A E for A-Fe model II, B-Fe model I, and
B-Fe model Il with U = 3 and 2 eV are 0.2-0.25 eV /unit cell,
which are smaller than AE = 0.3-0.4 eV /unit cell calculated
with U = 4.5 eV but are still positive. On the other hand, AE
calculated for A-Fe model I are —0.007 and —0.180 eV /unit
cell for U = 3 and 2 eV, respectively, showing a sign change as
compared to the value of AE = 0.15 eV /unit cell calculated
for A-Fe model I with U = 4.5 eV.

A possible reason of the small/negative values of AE for
A-Fe model I might be the following. As the value of U
decreases, electrons on A-Fe sites may delocalize, and the
overlap of the wave functions between bcc Fe and A-Fe sites
becomes larger, resulting in a ferromagnetic coupling between
bcc Fe and A-Fe atoms. Since the direction of magnetic
moments on A-Fe is opposite to that of bulk magnetic moment,
the exchange coupling between bee Fe and Fe;O4 becomes AP.
It may be noted that the distance between the nearest-neighbor
A-Fe and bcce Fe atoms in this A-Fe model I is shorter than
that in A-Fe model II. The result might suggest an importance
of the choice of U at the interface.

IV. DISCUSSIONS

As presented in the previous section, the calculated EC
energy AE equals 0.1-0.3 eV per unit cell and P alignment
is stable in all the junction structures studied by using U =
4.5 eV. Furthermore, the absolute value of AE is relatively
larger than the experimental value. Here, we first evaluate
the magnitude of the exchange interaction from the value of
AFE by assuming that localized spins exist on Fe atoms or
ions at the interface. Because the effective number of bonds
of the exchange interaction can be approximately 10 and the
magnitude of the localized spins is 1-2, the interaction constant
can be of the order of 10 meV. This value is reasonable
compared to the Curie temperature 10* K of bee Fe and Fe3 0.

Thus we conclude that the calculated EC energy corre-
sponds to the exchange interactions at the flat interface and
that the observed small EC must be explained by considering
certain extrinsic mechanisms. We note here that the small
value of AE calculated for A-Fe model I with U =3 eV
does not necessarily explain the observed EC, because our
Mossbauer study, described below suggests that the B-Fe layer
not the A-Fe layer contacts with the bce Fe layer. One possible
extrinsic mechanism is fluctuation or frustration effect on the
EC as introduced for the IEC in magnetic multilayers,**='
and another might be effects of excess oxidation at the
interface of Fe/Fe;Oy4. In the following, we first discuss the
effects of fluctuation/frustration and then examine a possibility
of formation of negative moments of bcc Fe atoms at the
interface due to excess oxidation. We consider the latter

PHYSICAL REVIEW B 84, 104407 (2011)

z=0.25, 0.325

FIG. 11. Atomic arrangement of bcc Fe lattice (solid and broken
lines) on Fe;O, with antiphase structures. (a) Symbols show atomic
potitions in Fe;04 with z = 0.0 and 0.125 layers, and (b) with z =
0.25 and 0.375 layers.

possibility because the first-principles calculation given in
Sec. III-E indicates that the AP coupling could occur when
negative moments of bce Fe atoms at the interface are realized.
Comparing results obtained in the first-principles and model
calculations we propose a possible mechanism for the AP
alignment.

We first show that an antiphase structure observed in thin
Fe;0y films>? could be responsible for the frustration of EC
in Fe/Fe;0y4 junctions. The antiphase structure proposed by
Marguilies et al.>? is shown in Figs. 11(a) and 11(b), where
layers with z = 0.0 (0.25) and 0.125 (0.375) in Fig. 11(a) [see
Fig. 11(b)] correspond to A-Fe and B-Fe layers, respectively.
An antiphase boundary exists along the diagonal of the
structure. When the bce Fe lattice is placed on the layer with
z = 0.0, as shown by solid lines in the figure, the contact
structure is A-Fe model I for one phase and A-Fe model II for
the other phase. When the bec Fe lattice is placed on the layer
with z = 0.25, as shown in Fig. 11(b) by broken lines, the
contact structure is either B-Fe model I or B-Fe model II. In
any case, the layer structure can be epitaxial without any lattice
deformation. Because the magnetic coupling between the two
phases of Fe;0y is antiferromagnetic® and the calculated EC
gives P alignment between bcc Fe and Fe;O4 magnetizations,
a frustration of the magnetic coupling appears.

A fluctuation in EC might also occur when B-Fe model II
and A-Fe model II structures coexist with a constant interlayer
distance d. As shown in Figs. 9(c) and 9(f), whend ~ 2 A, P
alignment in A-Fe model II and AP alignment in B-Fe model
II coexist. This tendency exists even when the position of Fe
atoms is allowed to relax at the interface. As presented in
Fig. 10(b), AP alignment becomes stable when the magnetic
moments of bcc Fe atoms are reversed at the interface. This
could be another source of fluctuation or frustration in EC.
Coexistence of B-Fe models and A-Fe model I might also give
rise to a frustration when a small value of U is realized at the
interface.

Now we study EC adopting a simple one-dimensional
single-orbital tight-binding model with the assumption that the
interface of Fe/Fe;O4 junctions is insulating. This assumption
is justified by a recent experiment on the electrical resistance
of Fe/Fe;0y4 junctions.53

Figure 12(a) shows a schematic of the structure of a model
junction in which an impurity is located at site i. The left chain
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FIG. 12. One-dimensional model based on a single-orbital tight-
binding model. (a) Schematic of the model. (b) Schematic of the
DOS of L- and R-chains and an impurity. (c) Results of magnetic
moments m (up/atomxorbital) and AE (arb. unit) calculated self-
consistently as a function of electron number 7, (1/atomxorbital)
on the impurity.

(L-chain) and right chain (R-chain) correspond to bcc Fe and
Fe; 04 layers, respectively. The hopping parameter is 7y in both
chains. In the one-dimensional model, the bandwidth of each
spin state is 4fy. The hopping integral between the L chain
and impurity is assumed to be T = 0.5#,. The hopping integral
t between sites i and j is treated as a perturbation up to ¢>
in the formalism for AE (see Appendix). Figure 12(b) shows
a schematic of the DOS of L and R chains and the impurity
site; R-DOS is assumed to be half-metallic. To determine the
magnetic state of the impurity, we introduce an onsite Coulomb
interaction U, and apply the Hatree-Fock approximation to the
interaction. As a result, the onsite potential at the impurity is
given as Vimps = Vimpo + URimp-o, Where Vinpo is the bare
energy level of the impurity and #iyp, is the number of
electrons at the impurity with spin o. The values of nimps
are self-consistently calculated for various values of Vippo.
Figure 12(c) shows the magnetic moment of the impurity
M = Nimptr — Nimpy, and AE as a function of the electron
number on the impurity site Rimp = Nimpy + Mimp| - We Observe
that a solution with m < 0 appears for small values of 7;yp,
and that A E becomes negative when m < 0.

We may also model an A-Fe ion by the Fe;O4 layer as
a nearly localized impurity by R-chain. For this case, we
confirmed the magnetic state of the impurity does not affect
the sign of AE. This is because the impurity state is strongly
exchange-split by the Coulomb interaction and produce no
state near the Fermi energy. The results are similar to those
calculated in the first principles shown in Fig. 10(a).

Thus, we expect that when Fe atoms at the interface of the
bee Fe layer are highly oxidized, the d orbitals of Fe ions are
nearly half-filled and the direction of their magnetic moments
can be opposite to that in the bcc Fe layer, resulting in AP
alignment of bee Fe and Fe;O4 magnetization. To examine the
result, we have performed two first-principles calculations for
A-Fe model II with U = 4.5 eV including excess oxygen; in
one calculation A-type Fe atoms at the interface are replaced
with O atoms, and in the other calculation one bcc Fe atom in
the unit cell at the interface is replaced with one O atom. The
energy difference A E decreased by 60 and 30% for the former
and latter calculations, respectively, but they are still positive.
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The oxygen excess, however, shows a tendency to make the
coupling AP.

Dependence of the magnetic moment on number of elec-
trons on Fe ions may predict the following: when Fe atoms are
replaced with Co atoms in the bce Fe layer, the P alignment
should become more stable because the number of electrons
in Co atoms is larger than that of Fe atoms by 1/atom. On the
other hand, when Cr or Mn atoms are replaced with Fe atoms,
the AP alignment should become stronger.

In addition to P and AP alignment, a noncollinear alignment
of magnetic moments could possibly appear at local regions
with magnetic frustrations. Such a noncollinear alignment,
however, may not be realized in the present first-principles
calculation for clean interfaces because the coupling between
magnetic moments has been found to be strong in the present
calculations.

A nonuniform magnetic state that possibly exists at the
interface of Fe/Fe;O, junctions can be studied by using
Méssbauer spectroscopy for samples containing 3’ Fe isotopes
only at the interface.** Preliminary results are available for
two samples in which 3’Fe is introduced into the interface of
either the bce Fe or Fe;O4 layers with about one atomic layer.
Based on the hyperfine field obtained from the analysis of the
Mossbauer spectra, we suggest that Fe;O4 layer is terminated
by a B-Fe layer and that the hyperfine field is enhanced
in the atomic layers at the interface of the Fe layer. The
enhancement of the hyperfine field possibly originates from the
random oxidation of Fe atoms at the interface. As mentioned in
Sec. [II D, Fe ions in B-Fe model II and A-Fe model II can be
continuously distributed at the interface. Therefore depending
on the degree of oxidation, these Fe ions can have either A-Fe
or bee Fe character, which may result in the enhancement of
the hyperfine field. More detailed experiments are in progress.

V. CONCLUDING REMARKS

We have performed first-principles band calculations to
study the electronic and magnetic states of Fe/Fe;O4 junctions
and to clarify the mechanism behind EC in Fe/Fe; O, junctions.
These calculations were performed for four types of the unit
cells with epitaxial stacking of the bcc Fe on Fe;0,4 layer. The
relaxation of Fe atoms or ions at the interface has also been
considered.

‘We proved that the magnitude of the local Fe moments at the
interface increases for Fe in bce Fe layers, but decreases for Fe
in Fe;Oy4 layers. By plotting the total energy of the junctions in
both P and AP magnetization alignments as a function of the
interlayer distance between Fe and Fe;O,4 layers, we obtain
the EC energy of the junctions. Calculated results for the
coupling energy, however, are larger than the experimental
results by two orders of magnitude and may not correspond to
the observed EC energy but rather to the exchange interaction
between near-neighbor spins on Fe atoms or ions.

The detailed study in the first-principles calculation indi-
cates the importance of the magnetic state at the interface; de-
localization/localization of electrons and oxidation by excess
oxygen at the interface, and that the origin of the AP magneti-
zation alignment reported in experiments may be of extrinsic
origin rather than of intrinsic origin at clean interfaces. To
explain the experimental results, we have combined the results
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obtained in the first-principles calculations with those in a
model calculation, and proposed a plausible mechanism of AP
alignment in which EC is mediated by impurity-like states
of Fe atoms that possess magnetic moments aligned opposite
to those in the bee Fe layer. The impurity mediated EC may
produce AP alignment when the intrinsic EC between flat
interface is suppressed by frustration effects or formation of
an insulating interface. We further propose that substitution of
Fe atoms at the bec Fe interface with Co (Cr, Mn) may decrease
(increase) the antiparallel coupling between bcc Fe and Fe;O4
magnetizations. In this way experiments will easily confirm
the mechanism proposed above by doping various types of
impurities at the interface. Because the proposed mechanism
may be realized in complicated structures at interfaces with
additional oxidation, first-principles study of the extrinsic
mechanism may be a research in near future.
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APPENDIX

The coupling energy of junctions is calculated using a
hopping parameter ¢, shown in Fig. 12(a), as a perturbation via
the following procedure. Letting G(¢) be a Green’s function
of the system, the total energy of the system is

1 [eF
E = ——/ ImTrin G(¢)de. (A1)
T J-co

When the perturbation Hamiltonian is written as V and
the unperturbed Green’s function as g(e), G(¢) = g(e)[l —
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Vg(e)]~'. Therefore the total energy is divided into two
parts:

E =Ey+SE, (A2)
1 [
Ey = ——/ ImTrln g(e)de, (A3)
T J-x
1 [
0FE = —/ ImTrin[1 — Vg(e)lde. (A4)
T J-

Here, V corresponds to the hopping parameter ¢ between two
semi-infinite metals, Ej is the energy of a system containing
two independent metals, and § E is the energy change caused
by introducing ¢, i.e., the coupling energy of the two metals.
Expanding In[1 — V g(e)] with respect to V =1t up to the
second-order term, we obtain

t2 EF
SE=—o Z [ g 5o @Me, (AS)

where i and j are the site indices shown in Fig. 12(a). Here,
the summation over spin o is explicitly introduced. A term
linear to ¢ vanishes when the trace is adopted. The EC energy
corresponds to the EC constant J defined as

J = dEp — dExp. (A6)
with
t2 EF
§ Epapy = — f Imlgs()gj+(e) (A7)
T J-x
+gi-(e)gj—n(e)lde, (A8)

where + and — indicate the majority and minority spin states,
respectively.>* The local Green’s functions are easily calcu-
lated for one-dimensional systems. The present formalism
of the EC has already been adopted for IEC in magnetic
multilayers,55 but the Hamiltonian in the present formalism,
which is perturbed by the hopping parameter between two
layers, is slightly different from the choice adopted for IEC in
magnetic multilayers.
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