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Abstract
Recent experiments on magnetic tunnelling devices based on magnetite film
show an unexpectedly low tunnel magnetoresistance despite a high magnetic
transition temperature and a high spin polarization of the conduction electrons.
The explanation is given in two parts. The first reason for the reduction is the
quantum mechanical coupling and relaxation of the conduction electron and
core spin. This can reduce the tunnel magnetoresistance substantially. The
second is the surface effects in which the magnetic spins at the surface are
frustrated as a result of fewer nearest neighbours, surface reconstructions, anti-
phase boundaries and the superparamagnetic behaviour. This explains the rapid
fall of the magnetization and the tunnel magnetoresistance with temperature.

1. Introduction

There has been a recent upsurge in interest in fabricating spin dependent transport devices.
One of the material candidates for this kind of device is a transition metal oxide material in
which the mobile electrons may be 100% polarized. In order to produce an effective spin
dependent device, there are several things to bear in mind. First it should possess a high spin
polarization of the conduction electrons, then it should operate at or above room temperature.
There are several compounds that are predicted to be ferromagnetic semi-metals, which means
that the Fermi surface lies in an energy gap for one spin band. Such materials are CrO2,
manganite compounds and magnetite (Fe3O4). CrO2 and manganite show a very high degree of
polarization, 90% and 80% respectively as measured by Andreev reflection [1]. Unfortunately
CrO2 and manganite suffer from a low magnetic transition temperature, which means that
they lose a substantial fraction of their conduction electron polarization at room temperature.
This causes a sharp drop of magnetoresistance. Magnetite has a very high magnetic transition
temperature of around 860 K and is predicted to have a fully polarized conduction band. These
properties make magnetite one of the promising candidates for spin-dependent devices.

Magnetite is an inverse spinel ferrite whose formula unit is written as Fe3O4. There are
two types of Fe ion: one is Fe3+ and the other is Fe2+ in the ratio of 2:1. There are two
different iron sublattices: one is the octahedral (B) site and the other is tetrahedral (A) site
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also in a ratio of 2:1. Tetrahedral sites are occupied by Fe3+ ions while half of the octahedral
sites are occupied by Fe2+ and the other half by Fe3+ ions. The Fe3+ ion is a 3d5 high spin
ion S = 5/2. The extra electron on Fe2+ makes it S = 2. It is the extra electrons from Fe2+

ions on the octahedral site that are responsible for the conduction mechanism in this material.
The magnetic moments on the A and the B sites are anti-parallel. There are three types of
magnetic interaction, JAA, JAB and JBB , which are the magnetic exchange interaction between
A sites, B sites and between A and B sites. In bulk Fe3O4 JAA = −11 K, JBB = 3 K and
JAB = −22 K. The strong JAB plays a crucial rule in the magnetic phase. Magnetite under
goes a phase transition at 120 K known as the Verwey transition (Tv), where the conductivity
drops by two orders of magnitude.

As stated above, magnetite shows a promising features for use in spin-polarized devices.
However several spin-dependent devices fabricated so far based on magnetite compound such
as tunnel junction devices [2, 3] fail to show the expected high degree of spin polarization.

In this paper we examine the polarization expected from the theory and hence the potential
of Fe3O4 for injection devices. Two effects will be considered. We show that at T = 0
a quantum mechanical treatment of the tunnelling from Fe3O4 demonstrates that the useful
polarization may be limited to 67% rather than 100%. At high temperature the polarization of
the tunnelling electron from Fe3O4 will be reduced because of thermally induced disorder at
the surface, which is also calculated.

2. Tunnelling process in Fe3O4

In this section we consider the transfer process of electrons in two extreme limits and provide
the criteria for validation of the two extremes. We derive the expected polarization at T = 0
for two cases of fast and slow hopping. In the slow process the conduction electrons are fully
relaxed with the lattice spins while in the fast process the conduction electrons are treated in
band theory.

Consider an Fe2+ ion at time t = 0 such that the transfer of a spin | ↓〉 has just occured.
The wavefunction is the product of a core spin and an electron in the minority band. It is
written as the simple product state

	(0) = |ψ5/2ψ↓〉 (1)

where ψ5/2 is the wavefunction for five electrons with parallel spin occupying the t2g and eg
states in Fe3+ ions and ψ↓ is the wavefunction for the added electron. The atomic or fully
relaxed state wavefunction is written as

ψ2 = |2, 2〉 =
√

5
6 | 5

2 ; 5
2 ↓〉 −

√
1
6 | 5

2 ; 3
2 ↑〉 (2)

where ψ2 is the wavefunction of six electrons occupying the t2g and eg states. The apparent
spin polarization obviously depends on whether the wavefunction is given by equation (1) or
equation (2). In the case where band theory is valid (equation (1)) we recover the standard
result that the spin polarization is 100% at T = 0 K and the value at higher temperature follows
the magnetization. The situation for the fully relaxed state (equation (2)) is more complex and
is discussed later in more detail.

We now consider the conditions for the validation of the two extreme cases. The relevant
question is whether the added electron has a special wavefunction which is distinct from the
core electrons. If the Fe2+ ion contains six equivalent electrons, it must be in the |2, 2〉 state
and the process of changing from the Fe2+ to the Fe3+ ion may result in the removal of any
of the electrons in the 3d shell. This is the extreme tight binding or slow process. In the fast
regime it is assumed that the spatial wavefunction of the transferred electron is distinct from
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the Fe3+ ion and hence the spin of the mobile electron will be preserved as it moves through
the lattice. Let us write the wavefunction of the core states plus the extra electron in term of
the atomic states at time t = 0

	(t) = e−iE0t/h̄

[
aψ2 +

∑
n

bn�n exp

(
− i

(En − E0)t

h̄

)]
. (3)

The state �n is an excited state of the Fe2+ ion, bn = 〈	(0)|�n〉 and a2 +
∑

n b
2
n = 1. These

excited states are orthogonal to the stateψ2 i.e. 〈ψ2|�n〉 = 0. E0 andEn are the energies of the
statesψ2 and�n respectively. These are the atomic energies and hence their difference is of the
order of a few electron volts. If the transition occurs after a time τ such that eiτ(En−E0)/h̄ ≈ 1
for all states n such that bn is non zero then 	(τ) ≈ 	(0) and the band picture is valid. On
the other hand if τ is such that τ(En − E0) > h̄ then the second part of equation (3) will
become dephased and not contribute. In this case the slow process in which there is a transfer
from state ψ2 will be valid. Taking En − E0 ∼ 5 eV this predicts a critical value of τ around
1.3 × 10−16 s. (One might also consider that the slow process is valid if a ∼ 1 and bn ∼ 0
but this is really equivalent to the above because we have a ∼ 1 only if the hopping energy is
very much less than the excitation energies of the ion so that the extreme tight binding holds.)

We have estimated the dwell time for the band and the hopping model. The dwell time

for the hopping model is τ = ne2a2
o

kBT σ
, where ao, n and σ are the distance between the octahedral

sites, density of the electron and conductivity respectively. These values for Fe3O4 are taken
from Brabers [4]. At T = 300 K, τ = 3.6 × 10−13 s, which is slower than the critical value.
On the other hand the dwell time for the band model is τ ≈ h̄

w
where w is the bandwidth. The

dwell time is 4.3×10−16 s, wherew = 1.55 eV [5]. This value is comparable with the critical
value but the validation of the band model for this material is not clear. In a recent study Garcı́a
et al [6] found that the dwell time is less than 10−16 s at room temperature: this is the time
in which the charge fluctuates between the octahedral sites. This may not be the same as the
conduction time, as we propose [7] the dimer model in which one electron is shared between
octahedral sites. Therefore there are two time scales associated with the conduction electrons:
one is very fast corresponding to the time that each electron spends on each lattice site and
the other is slower corresponding to the dwell time for the conduction process. It is the time
that is relevant to condition equation (3) so it appears that the slow regime is valid for Fe3O4

particularly at low temperature.

3. Slow tunnelling process

In the slow process when a B-site is in the Fe2+ state we can write it as |2, 2〉 as given in
equation (2). In the bulk the spin up electron cannot hop to the next nearest neighbour site
because it is in state | 5

2 ,
5
2 〉 and it would violate the Pauli exclusion principle. However electrons

of either spin can tunnel across a barrier thus the appropriate polarization of Fe3O4 is given
by P = (

√
5/6)2 − (

√
1/6)2 = 2/3. However, we note that the final state of the iron ion is

different in these two cases. An additional spin wave must be excited for the ion to be left in
state |5/2, 3/2〉; the energy for this comes from the voltage drop between the barriers. There
is an interesting difference between the manganite, for which the spin of mobile electrons is
parallel to that of the core, and magnetite, for which it is anti-parallel. This spin mixing does
not occur if we have parallel coupling.

We now consider a situation in which both electrodes are Fe3O4. At T = 0 when two
electrodes are parallel the sites are in either |2, 2〉 or | 5

2 ,
5
2 〉 states and when they are anti-parallel

they are in either |2, 2〉 or | 5
2 ,− 5

2 〉 states.
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We consider first the parallel electrodes such that the sites on the right and left-hand side
electrodes are in the | 5

2 ,
5
2 〉 and |2, 2〉 states. We can write down the wavefunction as

	1 = |2, 2〉L ⊗ | 5
2 ,

5
2 〉R (4)

and consider a process in which an electron is transferred from the left-hand side to the right-
hand side across the junction. The only allowed process is that a spin down electron is
transferred. After the electron hops to the right hand side the wavefunction becomes

	2 = | 5
2 ,

5
2 〉L ⊗ |2, 2〉R. (5)

The probability of tunnelling between state |2, 2〉 and state | 5
2 ,

5
2 〉 is given by the square of the

transfer matrix element, which is M2,5/2 = |〈	2T	1〉|2 = (

√
5
6

√
5
6 )

2 = 25
36 .

We then consider when two electrodes are antiparallel the right and left hand side electrodes
are in | 5

2 ,− 5
2 〉 and |2, 2〉. Hence 	1 = |2, 2〉L ⊗ | 5

2 ,− 5
2 〉R . Here only a spin up electron can

hop. As the electron hops the right hand site electrode becomes |2,−2〉 state and the left hand
side becomes | 5

2 ,
3
2 〉. The wavefunction is

	2 = | 5
2 ,

3
2 〉L ⊗ |2,−2〉R. (6)

The probability of tunnelling is M2,−5/2 = |〈	2T	1〉|2 = 5
36 . The tunnelling

magnetoresistance (TMR) is given by

M↑↑ −M↑↓
M↑↑

= M2,5/2 −M2,−5/2

M2,5/2
= 0.80. (7)

At a given temperature the Fe2+ ion can be found in different states according to the ml
quantum number. It can be in |2,±2〉, |2,±1〉 and |2, 0〉 states. The same holds true for the
Fe3+ ion, which can be found in | 5

2 ,± 5
2 〉, | 5

2 ,± 3
2 〉 and | 5

2 ,± 1
2 〉 states. The |2, 1〉 and |2, 0〉 can

be written as

|2, 1〉 =
√

2
3 | 5

2 ; 3
2 ↓〉 −

√
1
3 | 5

2 ; 1
2 ↑〉 (8)

and

|2, 0〉 =
√

1
2 | 5

2 ; 1
2 ↓〉 −

√
1
2 | 5

2 ; −1

2
↑〉 (9)

respectively. The polarizations of the |2,±1〉 and |2, 0〉 states are 1/3 and 0 respectively. The
average electron spin polarization of the Fe2+ ion is 〈P 〉 = ∑+2

m=−2
mz
3 Pm = 1

3 〈ml〉, where
〈ml〉 is the average surface magnetization of an Fe2+ ion.

We now consider the tunnelling from the Fe2+ ion to the Fe3+ ion in the different states of
both ions. Using the same method as in T = 0 case we can calculate the tunnelling probability
for various states of both Fe2+ and Fe3+ ions as summarized in table 1. The transfer of spin up
and down electrons between the same Fe ion state is energetically inequivalent; a spin wave
is excited in one case but not in the other. For example when an up electron is transferred
from state |2, 2〉 the core spin will be in state |5/2, 3/2〉, which at low temperature will create
a spin wave, while there will be no spin wave excitation if a down electron is transferred.
Using table 1 we consider the temperature dependence of the tunnel magnetoresistance. The
temperature dependence of the total tunnelling probability from the Fe2+ ion to Fe3+ can be
written as

M↑↑(↑↓)(T ) =
2∑

m2
l =−2

5/2∑
m

5/2
l =−5/2

M
m2
l

m
5/2
l

Pm2
l
P±m5/2

l
(10)
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where Pm2
l

and P
m

5/2
l

are the probability that spin S = 2 and S = 5/2 are inm2
l andm5/2

l states,
which is

PmSl = eβm
S
l h

ZS
(11)

and ZS is a partition function, h is an effective field and β is 1/kT .

Table 1. Tunnelling probability (M
m2
l
,m

5/2
l

) between Fe2+ and Fe3+ ions for different ml quantum

number.

m
S=5/2
l

5/2 3/2 1/2 −1/2 −3/2 −5/2

mS=2
l ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓

2 0 25
36

1
36

5
9

1
18

5
12

1
12

5
18

1
9

5
36

5
36 0

1 0 5
9

1
18

4
9

1
9

1
3

1
6

2
9

2
9

1
9

5
18 0

−1 0 5
18

1
9

2
9

2
9

1
6

1
3

1
9

4
9

1
18

5
9 0

−2 0 5
36

5
36

1
9

5
18

1
12

5
12

1
18

5
9

1
36

25
36 0

We consider tunnelling with and without spin wave excitation at low temperature. The
tunnelling probability with spin wave excitation is estimated to be

MSW
↑↑(↑↓) = (3 − 〈m〉2)(5/2 ∓ 〈m〉5/2)

36
(12)

where plus and minus are for anti-parallel and parallel electrodes respectively. The non-spin-
wave tunnelling is estimated to be

MNSW
↑↑(↑↓) = (3 + 〈m〉2)(5/2 ± 〈m〉5/2)

36
(13)

where plus and minus are for parallel and anti-parallel electrodes respectively. These estimates
take into account only |2, 2〉 and |2, 1〉 states on the left hand side electrode as the probability
that this electrode will be in other states is very small. This approximation is valid when the
average magnetization is about 90% of the saturated value. In magnetite this approximation
is valid up to room temperature. The tunnelling that involves the spin wave is the process
that transfers an up electron when the ion is in state |2, 2〉 and |2, 1〉 and transfers a down
electron when it is in state |2,−2〉 and |2,−1〉. From equations (12) and (13) it is clear that
at T = 0, 〈m〉ml = ml , when two electrodes are fully parallel, i.e. |2, 2〉 and |5/2, 5/2〉 states,
only non-spin-wave related tunnelling occurs and when they are fully anti-parallel only spin
wave related tunnelling occurs. If the spin wave excitations are not allowed due to the small
bias voltage the tunnel magnetoresistance is written as

TMRNSW = MNSW
↑↑ −MNSW

↑↓
MNSW

↑↑
= 2〈m〉5/2

〈m〉5/2 + 5/2
. (14)

As seen from this equation the TMR for the non-spin-wave process is 100% at T = 0.
If we consider a high bias voltage and assume that the energy difference between the non-

spin wave excitation and the spin wave excitation process is very small we may neglect this
energy and assume all processes occur equivalently. By summing over all states from table 1
and using the identities 〈m〉s = ∑

msl
msl Pmsl and

∑
msl
Pmsl = 1, the temperature dependence

of the tunnelling probability can be written as

MNSW
↑↑(↑↓) +MSW

↑↑(↑↓) = M↑↑(↑↓) = 1
36 (15 ± 〈m〉2〈m〉5/2) (15)
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where plus and minus are for parallel and anti-parallel electrodes. The tunnelling
magnetoresistance is

TMR = M↑↑ −M↑↓
M↑↑

= 4〈m〉2〈m〉5/2

15 + 2〈m〉2〈m〉5/2
(16)

which is equal to 4/5 or 80% at T = 0 K. If we compare this result with non-spin wave
TMRNSW (equation (14) it is obvious that TMR < TMRNSW, which shows that spin wave
involvement in tunnelling will reduce the TMR substantially.

In other devices such as tunnel junctions fabricated using magnetite and cobalt the
tunnelling probability depends on the bias voltage and type of barrier as suggested earlier
[8–10]. If d electron filter barriers such as SrTiO3 or Ce1−xLaxO2−x/2 are used the TMR
from these devices depends strongly on the population of up and down spin electrons in the d
band of cobalt. If the tunnelling process involves only the minority d band electrons in cobalt
the resistivity for parallel electrodes is lower than the anti-parallel one. This is contrast to the
cobalt–insulator–manganite devices for which the resistivity is low when the two electrodes are
anti-parallel [8–10]. The differences come from the nature of the spin of the majority electrons
in magnetite and manganite. In a manganite-based compound the conduction electrons have
spin parallel to the core spin while in magnetite it is antiparallel. When the electrons in the
majority d band of cobalt are involved in the tunnelling process the TMR will depend on
bias voltage and will decrease and become negative when the electrons in the majority band
outnumber those in the minority band. However the negative TMR will not be as large as the
positive TMR because there will always be a certain tunnelling of electrons from the minority
band. In the case of a barrier in which the s electron in cobalt tunnels predominantly the TMR
is positive regardless of the nature of the other electrode [3, 8, 9]. This similarity has not yet
been explained but it is suspected that the nature of the interface between cobalt and Al2O3 is
more important than the type of electrode.

In a magnetite–manganite tunnel junction the tunnelling electron will prefer to have spin
anti-parallel to the core spin of magnetite and parallel to the core spin of manganite. Therefore
in this device the anti-parallel configuration of two electrodes will have a lower resistivity than
the parallel one.

4. Surface magnetization

We now consider the reduction which occurs in the ordering at the surface of a magnetite
sample as a function of temperature. We consider three main effects that occur which reduce
the surface magnetization. First is the reduction in the number of nearest neighbour magnetic
atoms which occurs on every surface, secondly the surface reconstruction and distortion of
Fe3O4 and third the anti-phase boundary, which has been observed in magnetite films [11, 12]
and will be shown to has a very significant effect on surface magnetization.

These effects are treated using a Monte Carlo technique to simulate the magnetization of
both the A and B sites in the cubic phase treated using classical spins. We have simulated both
the (100) and (111) surface with and without distortion and also the (100) surface with anti-
phase boundaries. We have included more than 6400 sites in the calculation using the standard
Metropolis algorithm [13] with the standard random number procedure [14]. The system is
simulated using 4000 Monte Carlo steps (MCSs) for stabilizing the system and 3000 MCSs
for collecting the data. We defined 1 MCS as the attempt to flip every spin on the system.

The surface of the magnetite film has been studied both in (100) [15] and (111) [16]
orientation. We consider first the surface of both (100) and (111) orientations without distortion.
The surface of the (100) film is A site terminated with half of the A sites missing and it is A
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site terminated in the (111) film. The number of B–B nearest neighbours on the surface is
reduced from six to four for (100) and from six to five for the (111) films respectively. The
number of B–A nearest neighbours on the surface is also reduced from six to four for the (100)
and from six to five for the (111) orientation film. We simulated two configurations, (100)
and (111) orientation. In (100) orientation we simulated three different surface conditions,
B-site termination, A-site termination and A-site termination with half of the A sites missing
while in (111) we simulate in the A-site terminated condition. Figure 1 shows the temperature
dependence of reduced surface magnetization without surface distortion.

0 1 2 3

0.0

0.2

0.4

0.6

0.8

1.0

M
s/M

0

T/T
R

 (111)
 (100) 2 A site
 (100) 1 A site
 (100) B site

Figure 1. Temperature dependence of the reduced surface magnetization for a surface in (111)(◦)
and (100) orientations. No distortions have been included. The (100) film are simulated in three
conditions surface with B-plane termination (�), A-plane termination (�) and A-plane termination
with half of the A sites missing (�). TR is 300 K.

The surface magnetization of magnetite is very sensitive to any distortion because the
magnitude and sign of the interaction JBB is crucially dependent on the B–O–B bond angle θ .
For bulk Fe3O4 this angle is 90◦ and the interaction is weakly ferromagnetic. For a general θ
we use the well known phenomenological formula for superexchange [17]

JBB(θ) = JF sin2 θ − |JAF | cos2 θ (17)

where JF is the ferromagnetic interaction and JAF is an antiferromagnetic interaction. In
magnetite we find that |JAF | � JF , as shown in table 2. Therefore any small deviation of
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B–O–B bond angle away from 90◦ will have a strong effect on JBB . In order to take into
account the surface reconstructions and distortions, the modified magnetic coupling has to be
calculated. We base our calculation on the observed surface distortion of magnetite by Weiss
et al [16] for the (111) orientation. The modified magnetic interaction can be calculated if
the bond angle between magnetic ions and oxygen (Fe–O–Fe) is known. Using equation (17)
we can estimate the magnetic interaction for any given bond angle. The bond angle and an
estimate JBB of all cases are summarized in table 2.

Table 2. Summary of Fe–O–Fe bond angle and estimated JBB on different configuration. The
JBB interaction is calculated from the fact that there are two oxygen ions for each Fe pair therefore
there are two Fe–O–Fe bond and each contributes JBB = 1.5 K.

Bond angle (deg)
Estimated

Type AA AB BB JBB (K)

Bulk 80 125 90 1.5
(100) Anti-phase boundary 80, 110 55, 125 90,180 1.5, −69.9
(111) with surface distortion 80 125, 130 83, 88, 90, 93, 102 0.4, 1.4, 1.5, 1.3, −1.6

The detail of the observed (111) surface distortion is as follows. The surface relaxation is
such that the spacings between layers near the surface are changed. Those layers are oxygen
layers, A-site layers and B-site layers. This causes the bond angle between A–O–B and
B–O–B to change and this change depends on the position of the A, B and O sites. We have
estimated the bond angles according to the observed lattice relaxation and found that the major
impact of the lattice relaxation on the bond angle of the Fe–O–Fe bond is on the B-site plane
underneath the A-site surface. Every B site on this plane has a total of five B-site nearest
neighbours: four of them are in plane and the other is on the plane below. We find that there
are two different in-plane B–B interactions on this B plane: one is weak ferromagnetic and
the other is weak antiferromagnetic. Therefore every B site on this plane has two in-plane
weak antiferromagnetic interactions ≈ − 1.2 K, two in-plane weak ferromagnetic interactions
≈1.8 K and one normal ferromagnetic interaction 3 K.

In the (100) film, the surface relaxation has not been reported but the space relaxations
such as those observed in (111) film will not affect the bond angle between the B–O–B bonds
on the B-site plane because both oxygen ions and B-site ions are on the same plane. However
this distortion will affect the A–O–B bond angle but it will not affect JAB strongly. In the case
of a surface with distortion we simulate two different conditions of the (111) film. First all
B sites on the surface have two weak antiferromagnetic, −1.5 K and two weak ferromagnetic
interactions, 1.5 K. Secondly all B sites on the surface have four strong antiferromagnetic
interactions, −10 K. The temperature dependence of the reduced surface magnetization of the
(111) film with surface distortion is shown in figure 2.

A magnetite film with an anti-phase boundary has also been investigated. In the previous
studies [11, 12] it was found that an anti-phase boundary was responsible for a non-saturated
magnetic moment even in a strong magnetic field and possibly shows superparamagnetic
behaviour. An anti-phase boundary exists in various ways but can be visualized as a shift by
an ao

4 〈110〉 vector and has a boundary plane given by either {100} or {110} [11, 12]. The effect
of an anti-phase boundary on the magnetic interaction is such that the number of bulk A–B
bonds is reduced and a strong antiferromagnetic B–B bond across the anti-phase boundary with
B–O–B angle equal to 180◦ is created. The A–O–A bond angle is also increased and several
direct exchange bonds between A–A and B–B ions occur [12]. We simulate the anti-phase
boundary film with a {100} boundary plane. The condition is that we keep all the interactions
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0 1 2 3

0.0

0.2

0.4

0.6

0.8

1.0

M
s/M

0

T/T
R

 (111) J
BB

=-10K
 (111) J

BB
=+1.5,-1.5K

 (111) No Distortion

Figure 2. Temperature dependence of reduced surface magnetization with surface distortion in the
(111) orientation. The film is simulated with two different values of the B–B interaction on the
surface, JBB = ±1.5 K (◦) and −10 K (�) respectively. The (111) surface without distortion is
also plotted (�).

the same as in the bulk and vary the JBB of the 180◦ B–O–B bond angle across the anti-phase
boundary. The values of JBB are −10 K, −20 K and −64 K. The temperature dependence of
the reduced surface magnetization of an anti-phase boundary film is shown in figure 3.

5. Discussion and conclusion

Table 3 contains a summary of bulk and surface magnetization at room temperature obtained
from figures 1, 2 and 3 as well as TMR at room temperature calculated from equation (16). As
can be seen from the table that the surface magnetization drops by 10–20% of the bulk value
depending on the conditions. It is obvious that the magnetization of a B site on the plane near
the surface of Fe3O4(111) is slightly higher than those of the Fe3O4(100) surface plane. This
is because there will always be an A-site plane above the B-site plane. Also the B-site plane
in Fe3O4(111) has five B-site nearest neighbours rather than four as in Fe3O4(100).

As mentioned earlier the probability of tunnelling between two magnetite electrodes
depends on the surface magnetization of both electrodes. Figure 4 shows the temperature
dependence of the tunnelling magnetoresistance between two magnetite electrodes calculated
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Figure 3. Temperature dependence of reduced magnetization in (100) orientation with anti-phase
boundary. All anti-phase cases are simulated in the condition that all JAA, JBB and JAB are bulk
values but varying J180, the JBB across the anti-phase boundary when the B–O–B bond angle is
180◦. The conditions are J180 = −10 K (◦), −20 K (�) and −64 K (�). The (100) film without
anti-phase boundary is also plotted (�).

Table 3. Ratio of surface and bulk magnetization of Fe3O4 at room temperature. Bulk and surface
refer to the ratio of magnetization per site on the B site plane. ‘Bulk’ means that the ratios of
magnetization are measured in the plane inside the system while ‘surface’ means the ratios of
magnetization on the surface. The value below the distorted (111) film is a value of JBB near the
surface; also the value below the anti-phase (100) film is the JBB across the anti-phase boundary
when the B–O–B bond angle is 180◦.

Without distortion Distortion Anti-phase

(100) (100) (100) (111) (111) (100) (100) (100)
M/M0 1-A 2-A B (111) ±1.5 K −10 K −10 K −20 K −64 K

Bulk 0.90 0.90 0.90 0.91 0.91 0.91 0.90 0.89 0.87
Surface 0.84 0.86 0.78 0.89 0.88 0.71 0.77 0.75 0.70
TMR 0.64 0.66 0.57 0.69 0.68 0.50 0.57 0.54 0.49

from equation (16) assuming that the temperature dependence of the average surface
magnetization is the same for both spin 2 and 5/2, i.e. 〈m〉2

2 = 〈m〉5/2

5/2 . The calculations indicate



Tunnelling from Fe3O4 7997

that the magnetoresistance as high as 50% at room temperature would be expected in the worst
cases but experimentally only a few per cent of TMR has been achieved [2, 3]. The reason
for such a small TMR has been suggested in terms of the interface effect [2, 3]. However it
is also possible that it is caused by the formation of a superparamagnetic region between the
anti-phase domain boundaries occupied at the interface [18]. We estimated the temperature at
which a superparamagnetic phase would occur between adjacent anti-phase domains is about
100 K. This would have a very strong effect on the TMR.

0 1 2 3

0.0

0.2

0.4

0.6

0.8

T
M

R

T/T
R

 (111) J
BB

=-10K
 (100) 1A-site
 (100) AF J=-20K
 (100) AF J=-64K

Figure 4. Temperature dependence of TMR calculated from equation (16) in the case of (111)
orientation with surface distortion JBB = −10 K (�), (100) A-plane termination with half A sites
missing (◦) and anti-phase (100) with J180 = −20 K (�) and −64 K (�).

In conclusion we have shown that the tunnelling probabilities between two Fe ion
electrodes of spin-dependent devices based on magnetite compounds are lower than expected
if the slow process is valid across the junction even in the ground state. Also the presence
of spin wave excitation can reduce the TMR. This is a unique feature of magnetite as the
mobile electrons couple antiferromagnetically to the core spin. At higher temperature the
tunnel magnetoresistance is lowered by the frustration of the surface spins due to distortion
at the surface and also the possibility of a superparamagnetic region between the anti-phase
boundaries.
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