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Effects of impurity states on exchange coupling in Fe/Fe3O4 junctions
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Exchange coupling (EC) in Fe/Fe3O4 junctions containing magnetic impurities and in-gap states at the interface
is calculated using a formula obtained by a cleaved layer method. The model for EC is constructed by performing
first-principles calculations of the electronic and magnetic states of Co, Mn, and Cr impurities on the Fe surface
and those of in-gap states in a bulk γ -Fe2O3, which has the same lattice structure as Fe3O4 but contains Fe
defects. We show that the effect of Co impurities on EC is opposite to that of Cr and Mn impurities and that
in-gap states tend to cause parallel magnetization alignment of two ferromagnets. These results are attributed to
the change in electronic states caused by the presence of impurities. Further, we compare calculated results with
experimental ones obtained in Fe/Fe3O4 junctions and suggest that doping magnetic impurities at the interface
could be a useful way to control the magnitude and sign of the EC.
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I. INTRODUCTION

One of the most important topics in the field of spintronics
is magnetic interaction at the junction of two different
ferromagnetic layers; the interlayer exchange coupling (EC)
between two in magnetic multilayers1,2 and the exchange bias
(EB) at a contact of a ferromagnet and an antiferromagnet.3,4

The interlayer EC between two ferromagnets (FMs) separated
by a thin nonmagnetic metal layer has been interpreted to
be an intrinsic phenomenon in magnetic multilayers.5–7 The
understanding of EB, on the other hand, is rather controversial,
and many mechanisms have been proposed. Although the
plausible mechanisms for EC and EB could be different, it
may be interesting to note that the magnitude of both EC and
EB is typically ∼1 erg/cm2. It has been recently observed
that α-Fe/Fe3O4(magnetite) and α-Fe/γ -Fe2O3(maghemite)
junctions show antiparallel (AP) and parallel (P) EC between
two FMs, respectively.8–10 Furthermore, EC in nanocomposite
magnets attracts considerable interest for the fabrication of
stronger permanent magnets than rare-earth-based permanent
magnets.11,12

As the interlayer EC in magnetic multilayers plays an
important role in technological applications, control of the
EC between two ferromagnets may lead to new applications
of hard and soft magnets. For example, since the magnitude of
EC in the Fe/Fe3O4 junction is about 1 erg/cm2 comparable to
that in Co/Ru/Co trilayers,13 Fe/Fe3O4 junctions may be used
as synthetic antiferromagnets when the magnetizations of the
Fe and Fe3O4 layers have been designed to be compensated by
each other. Control the EC in Fe/Fe3O4 junctions by doping
magnetic impurities such as Co and Mn at the interface of the
junction has been previously attempted, and it showed that the
EC depends on the type and concentration of the impurity.14

Despite these efforts to control the EC, the mechanism of
the AP and P coupling in Fe/Fe3O4 and Fe/γ -Fe2O3 and the
origin of the variation in EC as a result of doping with magnetic
impurities at the interface have not yet been clarified.

The first-principles method can be useful for studying the
EC of two FMs by comparing the total energy of P and AP

magnetization alignments of the FMs. Several studies have
reported the EC calculated by the first principles method
for Fe/Fe3O4,15 Fe/Nd2Fe14B,16 and magnetic semiconductor
junctions.17 However, the calculated EC is one or two orders
of magnitude larger than the observed values.8–10,18 The
calculated values may correspond to the intrinsic interaction
between two magnetic moments at an ideal junction and may
be weakened by extrinsic causes. Simulation of the magnetiza-
tion in nanocrystalline magnets also requires smaller EC than
the magnetic interaction in bulk magnets in order to explain
the observed magnetization process.19,20 Such discrepancy
between the EC calculated using the first-principles method
and the observed value has been reported for magnetic trilayers
as well, in which a nonmagnetic spacer exists between two
FMs.21,22 Both the intrinsic and extrinsic origins of the EC
have been reported for Fe/MgO/Fe tunnel junctions.23–25

In directly coupled ferromagnetic junctions without a
nonmagnetic spacer, distinguishing between the extrinsic
and intrinsic mechanisms may be difficult. To understand
the intrinsic mechanism of EC, it is necessary to perform
calculations considering how the EC is related to the electronic
state of the junction. In the present work, we focus on the role
of magnetic impurities at the interface on the EC in Fe/Fe3O4

and Fe/γ -Fe2O3 junctions. Examining the dependence of EC
on the impurity concentrations may facilitate identification of
the intrinsic EC from the extrinsic one. However, possible
structural disorder existing extrinsically at oxides interface
may hinder us from constructing realistic models for the EC.
To visualize the role of the electronic states of magnetic
impurities on the EC, we adopt simple models for the junction
and impurities. As for magnetic impurities, we examine the
effect of Co, Mn, and Cr impurities introduced at the Fe
interface and in-gap states at the Fe3O4 interface caused by
excess oxygen and/or defects of Fe ions. In addition, because
Fe3O4 is believed to be half-metallic (HM),26,27 and γ -Fe2O3

an insulating oxide,28 we study the effects of the electronic
states of oxides (half-metallic or insulating) on the EC. Thus
we perform first-principles calculation for the electronic and
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FIG. 1. (Color online) Unit cell used in the first-principles
calculations, (a) side view of structure I in which an impurity is
located within the surface layer, (b) side view of structure II in which
an impurity is located above the surface layer, and (c) top view of the
impurity’s location in both site I and II.

magnetic states of Co, Mn, and Cr impurities on the Fe surface
and the in-gap states of γ -Fe2O3. Based on the results, we
construct a simple model for junctions of two FMs with
magnetic impurities and in-gap states. The EC is calculated
by adopting a formula obtained in the cleaved layer method;
it is identical to that obtained using the force theorem.29–33

The paper is organized as follows. In the next section, we
show results obtained in the first principles calculations for
electronic and magnetic states of Co, Mn, and Cr impurities on
the Fe surface and for electronic states of γ -Fe2O3. In Sec. III, a
simple model for the EC in junctions with magnetic impurities
or in-gap states at the interface is presented. Calculated results
of the EC are presented in Sec. IV, which is followed by a
section containing comparison of the results with experimental
results and related discussions. Conclusions are presented in
the final section.

II. FIRST-PRINCIPLES STUDY

We first present results of the first-principles study on the
density of states (DOS) and magnetic moments of impurities
on the Fe surface, and the DOS of maghemite (γ -Fe2O3)
with excess Fe or O ions. The calculation is performed using
the Vienna ab initio simulation package (VASP)34 in which
the PAW (projected augmented wave) pseudopotential and
a spin-polarized GGA (generalized gradient approximation)-
PW (Perdew-Wang) method, including a correction of the
Coulomb interaction U , are adopted. The cutoff value of
the plane waves is 400 eV. U is assumed to be zero for
transition metals and 4.5 eV for the Fe ions in maghemite.
Although the value of U cannot be determined unambiguously
for transition metal oxides, we adopt the value of U used
previously for Fe3O4.15 The k-point sampling is (9 × 9 × 3)
in Monkhorst-Pack mesh for maghemite and (9 × 9 × 5) for
calculation of the impurity state on the Fe surface.

A. TM impurity on Fe surface

Figures 1(a) and 1(b) show unit cells used in the calculation
for an impurity atom within the surface layer of Fe and
above the surface layer, respectively. Hereafter, we refer to
the former (latter) unit cell as structure I (structure II). The
lattice constants of structures I and II are taken to be 8.0327,
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FIG. 2. Calculated results of local density of states (DOS) of
impurity (a) Cr, (b) Mn, (c) Co in structure I, and (d) local DOS of Fe
in the surface layer. Cr and Mn impurities have magnetic moments
antiparallel (AP) to Fe moment, while Co impurity has parallel (P)
moment. Fermi energy is located at E = 0.

8.0327, and 14.2000 Å, including a vacuum layer. Figure 1(c)
shows a cross section of the unit cell. The unit cell contains
six atomic layers of Fe and a vacuum layer, and therefore has
48 atomic sites. We also performed calculations for structure
II with a half-size unit cell.

Calculated results for the local density of states (DOSs)
of Co, Cr, and Mn impurities for structure I are shown in
Fig. 2. For both structures I and II, Co impurity has positive
magnetic moment (parallel to Fe moment), while Cr and Mn
impurities have negative magnetic moments (antiparallel to Fe
moment), as shown in Table I. Therefore, exchange splitting
of the local DOSs of Cr and Mn impurities is opposite to that
of the DOS of Fe. Because the magnetic moments of Cr and
Mn are large, they show localized-moment character, and their
local DOSs have effectively a narrower bandwidth than that of

TABLE I. Impurity moments in units of μB per atom calculated
by the first-principles method. Results of structure II with smaller unit
cell (u.c.) are also presented. Here, + (−) indicates moments parallel
(antiparallel) to that of the Fe atom.

impurity structure I structure II small u.c.

Co +1.86 +1.92 +1.9(−1.6)
Mn −3.73(+0.44) −3.80(+3.65) −3.7(+3.5)
Cr −3.35(+0.82) −3.53 −3.3(+2.5)
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FIG. 3. (Color online) (a) Unit cell of bulk maghemite γ -Fe2O3.
The figure on the left shows one third of the unit cell as enclosed
by a solid curve in the right figure. (b) Calculated results of DOS of
maghemite.

Fe atoms. Magnetic moment of Co impurity is positive and the
local DOS hybridized strongly with Fe bands. The tendency is
stronger for structure I than for structure II, because of a small
coordination number around the impurity in structure II.

Calculated results of the magnetic moments of impurities
are shown in Table I. Values in parentheses are those in unstable
states. Magnitude of the magnetic moments in the stable states
is almost independent of the structure. We find that Cr and Mn
impurities have large negative moments, similar to impurity
moments in transition-metal alloys.35–39

B. Maghemite

To study the effects of excess or deficient oxygen in
the magnetite layer on EC, it is important to know the
preferential sites in which the excess or deficient oxygen
resides. Because such structural information is lacking at
present and random selection of defect sites of oxygen or iron
may yield unreliable results due to the complex lattice structure
of magnetite, we perform the first-principles calculation for
γ -Fe2O3 (maghemite). The detailed structure of maghemite
has recently been reported.28 Stability of vacancy ordering has
also been confirmed by first-principles study.40

Maghemite, which is a ferrimagnet used in magnetic record-
ing media, has D8

4-P 43212 symmetry with lattice constants a =
8.394 and c = 25.182 Å. Ionic arrangement of maghemite is
expressed as Fe3+[Fe3+

5/3�1/3]O−2
4 = Fe8/3O4 = Fe2O3, where

� indicates a vacancy site. The unit cell contains 64 Fe and 96
O ions and is shown in Fig. 3(a).

Figure 3(b) shows the calculated result of maghemite
DOS. The Fermi energy is located within the energy band
gap. Because the width of the energy gap is spin depen-
dent, maghemite is a ferrimagnetic insulator. The DOS of
maghemite consists of three regions: above the Fermi energy
are mainly exchange-split Fe ions, the middle part is composed
of mainly oxygen p orbitals, and the lowest part is again
composed of the exchange-split Fe ions. The most important
aspect is that a split-off state exists in the down spin state
just below the conduction band. The split-off state may have
originated from ion defects or vacancy sites in the lattice, as
confirmed by further calculations for excess O2 and excess Fe2

atoms in maghemite.
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FIG. 4. Calculated results of DOS for (a) maghemite with two
excess Fe atoms and (b) maghemite with two excess oxygen atoms.
Fermi energy is located at E = 0.

Figures 4(a) and 4(b) show the results of Fe66O96 (excess
Fe) and Fe64O98 (excess O), respectively. We observe that a
sharp peak exists at the Fermi energy in the down spin bands.
These peaks are identified to be indicative of the in-gap states
caused by excess ions. Thus, we expect such split-off states
or in-gap states to exist at the interface of Fe/Fe3O4 because
the junctions are usually fabricated under an excess oxygen
environment.

Quite recently, ab initio study on the electronic states of
oxygen defect Fe3O4 has been reported.41 The results show
that in-gap states appear in the local DOS of the minority spin
state of both A- and B-site Fe. It has been reported that the
magnetic moments of A- and B-site Fe are reduced by 0.2 and
0.41 μB/Fe, respectively, due to the in-gap states.

III. MODEL FOR EXCHANGE COUPLING

A. Junction model

We construct a model adopting two basic assumptions;
a flat interface at the junction and a weak overlap of wave
functions of two FMs. The latter assumption is justified when
we note that the interface of Fe/Fe3O4 is highly resistive.46 The
junctions are formed between two FMs having half-infinite
simple cubic lattices with a (100) plane at the interface, as
shown schematically in Fig. 5(a). The left (L) and right (R)
FMs correspond to Fe and Fe3O4, respectively. The electronic
state is modeled as follows. Our previous first-principles study
on the electronic state of Fe/Fe3O4 showed that A-site Fe
seems to be unrelated to the coupling energy, and Mössbauer
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FIG. 5. (Color online) Schematic of the (a) junction model and
(b) the electronic states of the junction used in the calculation.
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study indicates the interface layer of Fe3O4 may be dominantly
formed by B-site Fe.15 Therefore the electronic state of
L-FM is approximated using an exchange-split single orbital
tight-binding model, and that of R-FM is approximated by a
half-metallic single orbital model corresponding to B-site Fe.
The majority spin band of R-FM is neglected for simplicity
because of a strong exchange splitting of Fe ions in Fe3O4.
The exchange splitting of L-FM is denoted by �, and a
nearest neighbor hopping integral t is adopted for both L-
and R-FMs. The model DOSs of the junction is presented in
Fig. 5(b). The hopping integral tLR between L and R layers
is assumed to be sufficiently smaller than t to apply the
second order perturbation for the EC with respect to tLR. It
should be noted that the magnetization of Fe3O4 is dominated
by the magnetic moments on B-site Fe, and therefore the
magnetization direction of L-FM in the model is the same
as that in Fe3O4.

Because of the perfectly flat interface of the junction, the
translational invariance holds along the interface plane, and
both in-plane momentum k‖ and atomic layer index � are used
to describe the electronic states of the junction. When there
is no disorder in the junction, the energy state within a single
layer is characterized by an energy-dispersion relationship,
ε(k‖) = −2t(cos kx + cos ky), which is assumed to be the same
for L and R layers. Hereafter, t is taken as the unit of energy.

Because the model neglects A-site Fe, the in-gap states on
A-site Fe predicted for oxygen-deficient Fe3O4 are ignored.41

However, we expect that states in oxygen-deficient Fe3O4 play
a less important role due to the oxygen-rich atmospheres in
the sample fabrication process; we will discuss effects of such
states in Sec. V.

B. Exchange coupling

The general expression of EC has been obtained by a
cleaved layer method or by the force theorem29–33 in which
the expression is formulated by considering the insertion of a
cleaved layer at the interface. In the present model, the cleaved
layer corresponds to the interface of the junction. When the
hopping integral tLR between L and R layers is treated in
the second-order perturbation, the exchange coupling J is
simplified to

J = EP − EAP (1)

= − t2
LR

π
Im

∑
k‖

∫ εF

−∞
dε[GL+(ε,k‖) − GL−(ε,k‖)]

× [GR+(ε,k‖) − GR−(ε,k‖)] (2)

using the surface Green’s function of L(R) magnet,

GL(R)σ (ε,k‖) (3)

= 1

z − εL(R)σ − 	L(R)σ (z) − ε(k‖) − t2gL(R)σ (z,k‖)
, (4)

with z = ε + i0 and spin σ = +(−), + for majority and
− for minority spins. 	L(R)σ (z) is self-energy that includes
the effects of disorder on the surface layer of L(R) magnet.
The translational invariance within the surface layer may be
recovered by an averaging procedure over the distribution of
randomness in the layer. When 	L(R)σ (z) = 0, the Green’s
function GL(R)σ (ε,k‖) reduces to the surface Green’s function

gL(R)σ (ε,k‖) without any impurity. The calculations are per-
formed at zero temperature as no temperature dependence of
the EC has been reported even at temperature TV = 120 K, at
which a charge and/or orbital ordered state appears.42–45

C. Self-energy due to impurity

We introduce random impurities and in-gap states into the
L and R interfaces of the junction, respectively. Randomness is
expressed in terms of local self-energy 	L(R)σ (z) after taking
a suitable averaging procedure. Vertex corrections for the
product of two Green’s functions may be neglected in the
lowest order of the disorder effects.47

Magnetic impurities on the interface of L-FM (Fe), are
treated in the Anderson model, in which the impurity level
of up- and down-spin states is determined self-consistently
via a relationship Vimpσ = Vimp + Un−σ

imp, where Vimp, U , and
nσ

imp are the bare potential of the impurity, Coulomb repulsion
on the impurity, and number of electrons with spin σ in the
impurity, respectively. The number of electrons is determined
by integrating the impurity Green’s function gimpσ (z) as

nσ
imp = − 1

π

∫ εF

gimpσ (z)dε,

with

gimpσ (z) = 1

z − Vimpσ − γ 2gLσ (z)
,

where γ stands for the band mixing between the impurity and
host matrix. The self-energy may be approximated as

	Lσ (z) ∼ cimpγ
2gimpσ (z),

with impurity concentration cimp.
Because the in-gap state appears within the energy band

gap, a simple treatment using such as the Anderson model
gives a δ-function type state within the energy gap. To make
the electronic states of the in-gap state more realistic, we adopt
the average T -matrix approximation48 for the in-gap state, the
spin-dependent potential being given by Vimpσ . The self-energy
is then given as

	Rσ (z) = cimpVimpσ

1 − (1 − cimp)Vimpσ gRσ (z)
. (5)

In the above expressions, the local Green’s function gξσ (z)
(ξ = L, R) of the surface is given as

gξσ (z) = 1

N

∑
k‖

gξσ (z,k‖)

=
∫

dε
D0(ε)

z − εξσ − ε − t2gξσ (z,ε)
, (6)

by using a two-dimensional DOS,

D0(ε) = 2

(4t)2π

√
ε2 − (4t)2, (7)

for simplicity. The bandwidth of the two-dimensional DOS is
8t and that of bulk lattice is 12t .
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FIG. 6. (Color online) (a) Magnetic moments of impurities as
calculated by the Anderson model, (b) local DOS of Co impurity
indicated by an arrow A, and (c) local DOS of Cr or Mn impurity
indicated by an arrow B. Thin curves denote the surface DOS of Fe.

D. Parameters

The relative position of the bands of L-FM and R-FM is
determined in the following way. Because L-FM and R-FM
correspond to ferromagnetic Fe and half-metallic Fe3O4,
the number of electrons and magnetic moment of L-FM
are 7.2/5 = 1.44 and 2.2/5 = 0.44 per atom and orbital,
respectively, and the magnetic moment of R-FM is the same as
the electron number, i.e., 1/5 per atom and orbital. Using these
values, we determine εL+ ≡ 0,εL− = 3.5, � = 3.5,εF = 3.5,
and εR− = 5.0, in units of t . An insulating state of R-FM may
be obtained by taking a larger value of εR− than 9.5.

Values of γ and U in the Anderson model are taken to
be 1.5 and 6 to reproduce reasonably the magnetic moments
obtained in the first-principles calculations. The value of Vimp

in the Anderson model is considered a variable to calculate
a relationship between the magnetic moment and electron
number of the impurity. The position of the in-gap state of
R-FM is assumed to be Vimp− = 0.0 near the band bottom of
the minority spin state of the R-FM.

IV. RESULTS OF MODEL CALCULATIONS

A. Impurity states

Calculated results of magnetic moments and local DOS
of impurities are shown in Figs. 6(a)–6(c). In general, the
impurity has two self-consistent solutions with positive and
negative moments. The former (latter) is stable for high (low)
electron number of the impurity. After multiplying by a factor
five for the d orbitals, the magnetic moment shown with an
arrow A is about 1.5 μB per atom, corresponding to a Co
impurity, and that shown an arrow B is about −4.2 μB per
atom corresponding to a Cr or Mn impurity. Hereafter, we
refer to the impurity indicated by arrows A (B) as A (B)-type
impurity.

Local DOSs of A- and B–type impurities are shown
in Figs. 6(b) and 6(c), respectively. Because the magnetic
moment of A-type impurity is small, the exchange splitting is
weak and the local DOS hybridizes with the host band resulting
in a broad local DOS of both up and down spin states. On the
other hand, local DOS of B-type impurity splits strongly due to
the large negative moment and forms a sharp DOS as it locates
near the edge of the host DOS. Existence of a broad s band in
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FIG. 7. (Color online) Calculated results of the exchange cou-
pling J in units of t2

LR/t for junction without impurities for εR− = 5.0
and 10.0.

real Fe bands may cause the broadening of the local DOS. Thus
we may conclude that the model calculations qualitatively
reproduce the results obtained in the first-principles method.

B. Intrinsic exchange coupling

Figure 7 shows calculated results of J (in units of t2
LR/t)

as a function of energy (in units of t) for εR− = 5.0 and
10.0. Positive (negative) values of J correspond to an AP (P)
alignment of the L and R magnetizations. J is zero outside the
whole band of the junction and changes sign near the center
of the band. Because J is given by an energy integral of the
imaginary parts of a product of two surface Green’s functions
of L-FM and R-FM, the EC is related to the energy dependence
of both real and imaginary parts of the Green’s function.
Although DOS (imaginary part of the Green’s function) is
positive for all energy regions, the real part of the Green’s
function (ReG) may change sign with energy, as can be seen
from the simplest form of the Green’s function:

g(ε + iδ) = 1

ε + iδ − Vi

= ε − Vi − iδ

(ε − Vi)2 + δ2
. (8)

Therefore, a change in local DOS and ReG affects both the
sign and magnitude of J .

For junctions in which the difference between the electronic
state of L and R layers is characterized by only the band
position, the energy integration in Eq. (2) is performed easily
resulting in

J = t2
LR

(
−nL+ − nR−

εL+ − εR−
+ nL− − nR−

εL− − εR−

)
, (9)

without explicit effects of ReG. When the Fermi energy is
located near the bottom of the whole band, nL+ �= 0, and
nL− = nR− = 0, and J > 0 as εL+ < εR−. When the Fermi
energy is located near the top of the whole band, nL+ = nL− =
1 and nR− < 1, and J < 0, as εL+ < εL− < εR−. Thus we may
understand the energy dependence of J shown in Fig. 7.

It is noted that |J | may be small for the junctions we are
dealing with because the Fermi energy is located near the
center of the whole band of the junction. When the position
of R-FM band is shifted to εR− = 10.0, it becomes insulating,
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FIG. 8. (Color online) Calculated results of J in units of t2
LR/t for

impurity concentration cimp = 0.0,0.2, and 0.4 of (a) A-type impurity
and (b) B-type impurity on L-FM interface. Tendency of the change
in J is indicated by arrows. (c) and (d) are the corresponding local
DOS (thin curves) and real part of the Green’s function (thick curves)
in up (↑) and down (↓) spin states with cimp = 0.2.

and the value of J extends to higher energy as shown by the
red broken curve. The result indicates that the P alignment at
the Fermi energy εF = 3.5 for half-metallic R-FM becomes
an AP alignment for insulating R-FM.

C. Extrinsic exchange coupling

Figures 8(a) and 8(b) show the change in J caused by
introducing A- and B-type impurities in L-FM interface,
respectively, as a function of energy. With increasing impurity
concentration cimp of A- and B-type impurities, the value of J

changes systematically but in the opposite direction, as shown
by arrows in Figs. 8(a) and 8(b). Furthermore, the degree of
change in J seems to be larger for A-type impurity than for
B-type one. The tendency may be explained in terms of the
change of the electronic states (local DOS and ReG) at the
interface caused by impurities as follows.

Figures 8(c) and 8(d) show the local DOS (thin curves) and
real part of the Green’s function ReG (thick curves) at the
interface including A- and B-type impurity with cimp = 0.2,
respectively. We see in Fig. 8(c) that both the local DOS and
ReG with A-type impurity are modified in an energy range
between ∼0 and ∼5 from the unperturbed ones. This is because
the impurity states appear around ε ∼ 2 and 3 for majority and
minority spin states, respectively. The change in local DOS
and ReG by B-type impurity, on the other hand, occurs near
ε ∼ 0 for the minority spin states and ε ∼ 6 for the majority
spin states because of strong exchange splitting of the impurity
states as shown in Fig. 6(c).

Because the weight of the local DOS of A-type impurity
is large around ε ∼ 2–3, the energy integral in Eq. (2) up
to ε ∼ 2–3 decreases, while it increases above ε ∼ 2–3, as
shown in Fig. 8(a). In addition, change in the electronic states
in both the majority and minority spin states contribute to a
large change in magnitude of J .
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FIG. 9. (Color online) (a) Calculated results of J in units of t2
LR/t

as a function of energy for junctions with in-gap states at R-FM
interface, and (b) local DOS and ReG at R-Fe interface.

Although the modification in the local DOS and ReG by B-
type impurity is large at the bottom of the minority spin states
of L-FM, it diminishes at energy near the Fermi level. The
energy integration for J compensates the large modification
in the electronic states, resulting in a small value of J near the
Fermi level. Contribution to the change in the majority state be-
comes large when the energy integration is performed up to ∼6.

The difference between the tendency of increase/decrease
in J caused by A- and B-type impurities is related to the
difference between the energy regions where large modifica-
tion occurs in the electronic states. Thus we may conclude
that the difference of the tendency in the change in J due to
impurities may be attributed to the change in the electronic
states of impurities rather than to the sign and magnitude of
the local moment of impurities, at least for a region of low
impurity concentration. It may be noted that the appearance
of energy at which J is independent of cimp may be due to an
approximate treatment of the impurity concentration for the
self-energy. Inclusion of higher order of cimp in the self-energy
may remove this effect.

Effects of the in-gap state at R-FM interface on J are
larger than those of magnetic impurities at L-FM interface,
as shown in Fig. 9(a). The large change in J near ε ∼ 0 is
caused by a strong modification in both the local DOS and
ReG as shown in Fig. 9(b). However, the change in J becomes
small near the Fermi level because the effect of the change in
the electronic state is weak near the Fermi energy. When the
in-gap state appears near the Fermi level, the effect naturally
becomes large. An interesting result is a tendency of the AP
alignment changing to P alignments near ε ∼ 2.5, which will
be discussed further in the next section. Finally, it has been
confirmed numerically that existence of both the magnetic
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FIG. 10. (Color online) Calculated results of the exchange cou-
pling J in units of t2

LR/t for junctions with impurities on the left
electrode with (a) fixed Fermi energy εF = 3.5 and (b) with a Fermi
energy shifted to εF = 2.2. (c) Normalized exchange coupling shown
in (b) with experimental results for Mn and Co impurities on Fe
interface.14

impurities on Fe interface and the in-gap states in magnetite
interface additively contribute to the EC of Fe/Fe3O4 in the
present model.

V. DISCUSSIONS

We compare the calculated results of EC with the ex-
perimental ones for Fe/Fe3O4, Fe/γ -Fe2O3, and Fe/Fe3O4

junctions with A-type (Co) or B-type (Mn) impurities at
the interface. Fe/Fe3O4 junction shows AP alignment with
J ∼ 1 erg/cm2 ∼ 0.2 meV/atom, while Fe/γ -Fe2O3 shows P
alignment the value of J being unknown. The calculated value
of J is of the order 0.01t2

LR/t where t ∼ 0.5 eV. Therefore
when tLR ∼ 0.2t , J is about 0.2 meV in agreement with the
experimental value. The value of tLR may not be unreasonable
when we note that the interface of the Fe/Fe3O4 junction
is rather electrically resistive. In reality, the small value of
tLR might be brought about by a structural disorder at the
interface. Once the structural disorder is identified for example
using STEM (scanning tunneling electron microscopy), more
elaborate first-principles calculations can be performed to
explain the observed values of the EC.

Figure 10(a) shows the dependence of J on the impurity
concentrations of A- and B-type impurities and the in-gap
states when the Fermi energy is located at εF = 3.5, as
determined in the model. The results indicate that the undoped
Fe/Fe3O4 junction is in P alignment, and the P alignment is
weakened (strengthened) by A-type (B-type) impurity. This
is contrary to the observed results14 in which the undoped
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FIG. 11. Calculated results of the difference in the coupling
energy �E between parallel and antiparallel alignment of the
magnetization in Fe/MgO/Fe junctions (a) without and (c) with
defects.

Fe/Fe3O4 junction shows AP alignment which is strengthened
(weakened) by a small amount of Mn (Co) impurity. However,
by shifting the Fermi energy to εF = 2.2, we obtain the
results shown in Fig. 10(b) which reproduce the tendency in
observed values. More explicitly, normalized values of J are
compared with experimental ones in Fig. 10(c). On the other
hand, the role of the in-gap states is nearly independent of
the position of the Fermi energy: it makes the AP alignment
weak, and possibly changes the AP alignment to P alignment,
as observed in Fe/γ -Fe2O3. We expect the role of the in-gap
states to be large in Fe/γ -Fe2O3 junctions because the samples
are fabricated under oxygen-excess atmosphere. Considering
that the crudeness of the model may produce an ambiguity in
the position of the Fermi energy, the present model captures
the fundamental nature of the effects of impurity on the EC,
and may give a reasonable explanation for the change in EC
observed for Fe/Fe3O4 with impurities at the interface.

Because the magnetic moment of A-site Fe is antiparallel to
the total magnetic moment of Fe3O4, the in-gap states of A-site
Fe appear in the down spin state when the magnetizations of
Fe and Fe3O4 are in AP alignment. The situation is opposite to
that considered in the model calculations in which the in-gap
states appear in the down spin state when the magnetizations of
Fe and Fe3O4 are in P alignment. Therefore the in-gap states in
A-site Fe may weaken the tendency caused by the in-gap states
in B-site Fe. However, the effect may not be sufficiently large to
reverse the trend observed in the present calculations, because
B-site Fe contact with the Fe layer in Fe/Fe3O4 junctions is
more plausible than A-site Fe contact with the Fe layer.

Finally, let us discuss the effects of a MgO layer inserted
between Fe and Fe3O4 or γ -Fe2O3 layer. Recent studies
with the first-principles method for Fe/MgO/Fe junctions
reported that an ideal MgO layer can weaken the P align-
ment exponentially with increasing MgO thickness, while
an oxygen deficient MgO layer makes the coupling AP.23–25

Figures 11(a) and 11(b) reproduce the previous results of
the EC in Fe/MgO/Fe junctions, with a new result of AP
coupling due to Mg defects. Thus the excess oxygen at
Fe3O4 interface and within MgO layer result in an opposite
tendency on the EC, i.e., increase in the P (AP) coupling
by the former (latter). In-gap states at Fe3O4/MgO interface,
calculated recently with the first-principles method,49 might
also affect EC. We presume that the observed AP coupling
in both Fe/MgO/Fe3O4 and Fe/MgO/γ -Fe2O3 junctions might
be realized by a complicated combination of these effects.

We have used simple models for the junction structure
and magnetic impurities because of unidentified structural
disorder at the interface of the oxide junctions. The results,
however, have clarified the role of impurities on the EC
from a microscopic viewpoint, at least qualitatively. Once
the structural disorder is identified experimentally, one will
be able to construct more realistic models for first-principles
calculations. More quantitative study of EC using, e.g., the
coherent potential approximation for clean junctions made of,
for example, magnetic semiconductors17 will be a future issue.

VI. CONCLUSION

Using the results of the first-principles calculations for the
magnetic and electronic states of impurities at Fe surface
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and for the electronic state of maghemite (γ -Fe2O3), we
proposed a simple model of the exchange coupling in Fe/Fe3O4

junctions and performed model calculations to understand
the effects of impurities on the exchange coupling. We
have shown the following: the EC is weak when the Fermi
energy is located near an energy region where the sign of
J changes, Co and Cr (or Mn) impurities results in an
opposite tendency for the change in J , and the in-gap states
tend to make the coupling P aligned. The effect of the
impurities may be explained in terms of the change in the

electronic states. Although the model is simple, we believe
it captures the essence of the EC in Fe/Fe3O4 junctions.
The present analysis suggests that magnetic coating of the
interface could be useful for controlling the EC between two
ferromagnets.
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