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Interface structure and bias dependence of Fe/MgO/Fe tunnel junctions: Ab initio calculations
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Ab initio calculations of the current voltage (IV) characteristics in planar Fe/MgO/Fe tunnel junctions are
presented. The electronic and magnetic structure of the junctions is calculated self-consistently in the frame-
work of density functional theory. The bias dependence of the tunneling current and of the differential con-
ductance is calculated in the limit of coherent tunneling for parallel and antiparallel alignment of the electrode
magnetizations. Completely different IV characteristics are obtained as a function of the interface atomic
structure. In agreement with experiments the tunneling magnetoresistance ratio of the tunneling current for
parallel and antiparallel alignment can even change the sign as a function of bias. Details of the bias depen-
dence are discussed in relation to the electronic structure. The obtained features of the IV characteristic can be
explained by the density of states at the interfaces taking into consideration the symmetry of tunneling states.
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I. INTRODUCTION

The discovery of giant magnetoresistance (GMR) was im-
mediately accompanied by a theoretical explanation of the
effect.!"> Experimental results could be explained quantita-
tively by ab initio calculations.>* The revival of tunneling
magnetoresistance (TMR),>® however, was characterized by
a discrepancy of several orders of magnitude between experi-
mentally and theoretically obtained values of the TMR ratio.

The origin of the discrepancy is related to the junction
quality, especially the crystallinity and homogeneity of the
barrier, and to the crucial role of the interface structure for
the tunneling probability. A high density of structural defects,
rough interfaces, and amorphous barriers cause strong scat-
tering and tunneling in the diffusive limit. Corresponding
TMR ratios do not exceed 50% at room temperature’® and
could be explained by Julliere’s model in terms of the spin
polarization of the leads.® Ab initio calculations of TMR,
however, have been performed for structurally ideal junc-
tions in the limit of coherent tunneling.'-'? It turned out that
the results for conductance and TMR are extremely sensitive
to slight structural changes. Furthermore, the phenomenon of
resonance tunneling occurs for highly symmetric junctions at
zero bias.'®!3 As a consequence TMR ratios up to 1000%
have been predicted. These results are in contradiction to the
results expected from Julliere’s model and to existing experi-
mental values.'*!> Nevertheless, the results obtained by dif-
ferent computational schemes are in very good agreement
and insight into the microscopic origin of tunneling is
gained.!%-!!

A similar situation occurred for the bias dependence of
the tunneling current. Experimentally obtained bias voltage
characteristics of TMR up to 1 V are similar for nearly all
junctions under consideration with a general decay for in-
creasing bias, an asymmetry concerning bias reversal, and
sometimes a narrow zero bias anomaly.®! In general, the
tunneling characteristic of planar junctions with insulating
barriers is very smooth whereas vacuum tunneling shows
clear indications of the electronic structure of the leads in the
bias dependencies.!”

Recent experiments based on epitaxially grown samples
with barriers of high crystallinity reached a new record of
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TMR ratios for Fe/MgO/Fe tunnel junctions at room tem-
perature above 200%, (Refs. 14 and 15) which exceeded the
predictions by Julliere’s model by far.” With high quality
barriers the bias voltage characteristic shows features which
could be related to the electronic structure of the system.'®

The role of the interface structure and material composi-
tion for tunneling was investigated in a number of
experiments.'®~2! In all cases a strong change of conductance
and TMR was obtained. In Ref. 22 a sign reversal of the
TMR ratio caused by defect states in the barrier is predicted.

The aim of this paper is to demonstrate how the interface
structure can influence the bias voltage dependencies of the
current, to explain special features in terms of the local den-
sity of states and the symmetry of the states. Special empha-
sis will be drawn on the role of coherent transport which is
not included in Julliere’s model.

II. JUNCTIONS

All our calculations are focused on epitaxially grown
Fe/MgO/Fe systems. For these junctions very accurate data
of the interface atomic structure are available.'®?324

The effect of mixed Fe/O interfaces on the electronic
structure and the conductance of Fe/MgO/Fe tunnel junc-
tions was investigated. Three types of the crystal structure
(Fig. 1) are discussed. The first one has ideal Fe/MgO inter-
faces without mixing. This structure is possibly very close to
the junctions prepared by Yuasa et al.'* supported by x-ray
absorption spectroscopy (XAS) measurements.”> The in-
plane lattice constant was fixed at the experimental value for
the bulk bec Fe, a=2.866 A. In correspondence to the ex-
perimental data of Ref. 26 the Fe-Fe interlayer distance next
to the interface was chosen to be 1.7 A. The remaining Fe
layers are separated as in Fe bulk (1.43 A). The distance
between the interface Fe layer and the O in the first MgO
layer is fixed at 2.35 A. The first and the second MgO layer
are separated by 2.25 A, whereas the distance between the
second and third MgO layer is 2.15 A, which is close to the
bulk value of MgO.

In the second junction geometry both interfaces consist of
an FeO layer. The system remains symmetric and in the fol-
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FIG. 1. (Color online) Geometric structures of the investigated
junctions.

lowing text this label will be used to distinguish between the
three geometries, despite that the ideal junction geometry is
symmetric, too. The oxygen atoms of the FeO layer are
placed close to the octahedral vacancy position shifted out-
ward by 0.2 A, so that the distance between these atoms and
the next Mg atoms is 2.15 A. In our study all oxygen sites
were occupied, and the in-plane periodicity was kept. Partial
occupancy of the FeO layer by the oxygen atoms?® is not
discussed in this work. The third crystal structure under con-
sideration contains both the ideal and the FeO interface and
is, of course, asymmetric. This way, we model structural dif-
ferences between the left and right interface due to specific
growth conditions.?>?*?6 The interlayer distances for all
three structural models correspond to the experimental data
of Ref. 26 for 4.65 monolayer coverage of MgO.

III. THEORY
A. Our method

The electronic structure of the systems was calculated
self-consistently within the framework of density functional
theory using a screened KKR (Korringa-Kohn-Rostoker)
Green’s function method well suited to treat systems of di-
mensions comparable to experimentally investigated
systems.?”?8 The potentials were treated in the atomic sphere
approximation (ASA) using local spin density approximation
(LSDA) for the exchange correlation functional in the non-
relativistic Schrodinger equation. For the self-consistent
charge density calculations the superlattice geometry with
four MgO layers sandwiched by 10 Fe layers and a cutoff for
the angular momentum expansion for the Green’s function of
l.x=3 and for the charge density of [,,,=6 was used. For
the conductance calculation a system with semi-infinite Fe
leads is constructed. The barrier thickness was fixed to four
layers of MgO for all investigations presented.

In the ideal system the magnetic moment of the Fe inter-
face layer was 2.83up similar to the Fe(001) surface. Intro-
ducing oxygen at the interface, the Fe moment is reduced to
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about 2.46u because of the charge transfer between Fe and
O. In the majority channel the Fe;, states hybridize with the
O,, states and in the minority channel the position of the
surface state close to E is shifted upwards by about 0.3 eV.
A similar shift was confirmed in Ref. 29. The Fermi level is
pinned in the central MgO layers at the top of the valence
band due the angular momentum cutoff. Therefore, the po-
tentials of the MgO layers in the middle of the barrier were
shifted to adjust the Fermi level in the middle of the MgO
band gap for the transport calculations.

Due to the in-plane translational invariance the eigen-
states of the electrodes are labeled by the in-plane wave vec-
tor k;. The transmission probability as introduced by
Landauer’® was computed using a Kubo formalism ex-
pressed in terms of the Green’s function of the semi-infinite
system.*! Our implementation in the KKR formalism includ-
ing the formulation with the retarded Green’s function only
follows the procedure in Ref. 32 using the volume integra-
tion and an angular momentum cutoff for the derivative of
L,,.x=3. The energy and spin dependent transmission T7(E) is
obtained by a two-dimensional integration over the surface
Brillouin zone

T°(E) = f dKT (), (1)

with the transmission probability T]{H(E)
=Ti[J7(E)G{x(ky, E)JR(E)Gy, (K, E)]. The planes L and R
are situated on both sides of the barrier in the unperturbed
electrode regions. Jj (E) are the current operator matrices
and G7(k,E) are the Green’s function elements connecting
both sides of the junction.

Applying an external bias voltage V the chemical poten-
tials of the electrodes wyr and u;=ur+eV are shifted with
respect to each other which means that the potentials and the
corresponding bands are shifted. Due to the small transmis-
sion we assumed a linear voltage drop inside the MgO bar-
rier, which was confirmed by self-consistent calculations.?3
The shift of the chemical potentials was chosen symmetrical
with respect to the common Fermi level Ep=(u;+ug)/2.
The current density I(V) is obtained by an energy integration
between u; and uy to cover all tunneling states assuming
kT<eV(low temperatures) and the assumption of conduction
in parallel by the two spin channels

eZ 1 123
I(V)=—-2, f dE T(E,V),
he”, Lk

Ipap) = 11ab 4 Ill(lT), )
where 1110 is the current from the majority spin on the left
side of the junction to the majority (minority) spin on the
right side for parallel (antiparallel) alignment of the electrode
magnetizations. I"'1) denotes the other spin channel carried
by the minority electrons of the left lead. Convergence with
respect to the k; and energy integration was better than 2%.

The current was calculated for parallel (P) and antiparal-
lel (AP) alignment of the magnetic moments in the Fe elec-
trodes. Due to the weak magnetic interaction between the
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electrodes a frozen potential approximation was applied to
construct the effective potential for the AP configuration
from the P configuration without a self-consistent cycle.>*3

To interpret the results the spin polarization P; of the cur-
rent is defined as follows:

J110D Z lian

PAP) _ - %
P =, - 3)

To illustrate important features of the bias characteristics
the differential conductance % is introduced. Convolution
with a Gauss function of 25 meV full width at half maximum
corresponding to room temperature broadening was applied
to the differential conductance curves to get rid of artificial

numerical peaks.

B. Comparison with Julliere’s model

As we already pointed out the Julliere model is widely
used to interpret experimental results in terms of the spin
polarization of the leads. The idea of the following section is
to estimate the deviations of the tunneling currents calculated
by means of Julliere’s model and in the coherent limit of
tunneling. For this reason the basic formulas of the Julliere
model are recalled

ipZiTTﬁ'iJ'l Xarag+ (1 —ClL)(l —aR),

iApziTl+ilTOCaL(l—aR)‘l'(l—aL)aR. (4)

The hat on 7 emphasizes that this current is estimated directly
within the Julliere model. The current is proportional to the
effective polarizations a;  in the left and the right lead de-
fined by

ap = T ik (5)

Only those states are considered in the effective density of
states nl((% for the majority (minority) spin of the left (right)
lead which contribute to the current. This is a weak point of
the model, since it is not defined which density of states has
to be chosen.

One important conclusion of the model following Eq. (4)
is that

FUFL = I 6)

This relation holds also with an external bias, since the bias
dependence of the current is incorporated in the Julliere
model via effective polarizations a; (V) and ag(V) at a certain
bias voltage V.?!

The deviations from the identity in Eq. (6) are a measure
to assess the influence of the transmission coefficients ne-
glected in the Julliere model. The larger the deviations of the
spin dependent currents from Eq. (6) the more important is
the influence of the transmission coefficients and an explicit
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treatment of them is necessary. Even if Eq. (6) is fulfilled it is
still unclear which states contribute to the effective polariza-
tions a;(V) and ag(V).

Now the question should be answered how large the error
in the Julliere model is if Eq. (6) is violated. To estimate the
deviation a proportionality constant f(V) is defined

1p(V) & f(V)[ap(V)ag(V) + (1 = ar(V))(1 = ag(V))]

Lip(V) < a (V)(1 = ag(V)) + (1 —ar(V))ag(V). (7)

These currents cannot be directly estimated within the Jul-
liere model if f(V)# 1. Therefore, these quantities have no
hat to make them distinct from the currents of Eq. (4). All
quantities depend explicitly on bias voltage V. Consequently
Eq. (6) is transformed into

MWW = £ I(v). (8)

The quantity f(V) can be derived via Eq. (8) from our bias
characteristics calculated in the limit of coherent transport.
The deviations of f(V) from unity indicate that the averaged
transmission probabilities are different for the P and AP con-
figuration. In contradiction, in the Julliere model all contrib-
uting states have the same transmission probability indepen-
dent of the magnetic order.

Based on the current densities estimated by Eq. (4) or
calculated by means of Eq. (7) the corresponding TMR ratios
are derived

( A_I) _ (V) = Lp(V)
I/ ju Lp(V) ’

Al _ Ip(V) =L, p(V)
I 14p(V)

The definition of the TMR ratio used here differs from that
used in a previous publication.® The current densities 1p(V)
and I,p(V) are the main ingredients for both equations. This
definition was chosen to allow for a simple comparison with
the results applying Julliere’s model in terms of the quantity
f(V). (ATI)M describes the TMR ratio obtained from our IV
characteristics mapping the currents to effective polarizations
by Eq. (4) and (6). Using Egs. (9) and (7) one obtains

(AI) 1 (AI W) 1) (10)
— | ==\ —- +1/.
1 Jjul f(V) I

In the discussion of our results this equation is used to esti-

mate the difference on the level of TMR between the Julliere
model and a coherent treatment of the transport.

9)

IV. RESULTS

A. Current voltage characteristics

The calculated bias dependence of the current density
I(V), of the spin polarization P,(V) of the current and of the
differential conductance are shown in Fig. 2 for all consid-
ered junctions and both magnetic configurations. The spin
contributions to the differential conductance for P (AP)
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FIG. 2. (Color online) Bias dependence of the current /, the polarization of the current P; and of the differential conductance ;; for all
considered junction geometries; left: ideal; middle: symmetric; right: asymmetric (see Fig. 1).

alignment are labeled 17(7]) and | | (| 1) for minority and
majority spin in the left electrode, respectively. For the ideal
junction we obtain a nearly linear current dependence in both
magnetic configurations. This behavior is reflected in a
nearly constant differential conductance. The polarization
changes slightly. For the P configuration the current is highly
polarized larger than 80%, which means that almost only the
majority spin channel contributes to the transport. For higher
voltages this aspect is even more pronounced. In the AP
configuration the current is almost unpolarized.

A similar behavior of the current was found for all junc-
tions in the P configuration. This means, that the current is
linearly dependent on the external bias in contrast to the
current in the AP configuration of the symmetric and asym-
metric junction. In the P configuration the polarization
shows strong changes as a function of the voltage.

An important feature of the symmetric junction is, that the
current in the AP alignment is strongly increasing with in-
creasing bias. Almost the whole current is carried by the
minority spin channel. The current in the minority spin chan-

nel increases strongly with bias, which is reflected in the
differential conductance. This behavior leads to a higher cur-
rent density in the AP than in the P configuration for voltages
larger than 0.57 V. For this reason the TMR ratio changes the
sign at this bias as was already reported.3®

In the asymmetric junction the current in the AP configu-
ration is higher than for P alignment at all bias voltages,
which causes a negative TMR ratio over the whole voltage
range. The polarization of the current is generally very high
at high voltages, but the dominating spin channel changes at
about —0.2 V for both magnetic configurations. A striking
feature is the resonance in the differential conductance of the
AP configuration at about 0.33 V, which is related to the
strong increase of the current. This resonance is essential to
explain®® the results of bias dependent measurements of the
TMR ratio in Fe/MgO/Fe tunnel junctions.”” There are ad-
ditional features like the resonances at —0.95 V in both mag-
netic configuration.

The main objective of the following analysis is to under-
stand the origin of these features. For this reason the origin
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FIG. 3. (Color online) kj-resolved LDOS of the ideal junction are shown in the surface Brillouin zone, starting from left the 5th Fe layer
from the interface (I-4) up to the Fe layer at the interface (I). The right column shows the corresponding transmissions Tl‘fu(E ) for zero bias.

Top row: majority spin; bottom row: minority spin.

of the resonance in the differential conductance at 0.33 V
will be discussed in detail. In particular, the first step is to
analyze the density of states and their relation to the conduc-
tance.

B. Local DOS versus zero bias conductance

The main question is if the conductance can be related to
the local density of states (LDOS). For this reason the
k;-resolved LDOS at Ey. for the ideal structure for different
layers and the corresponding Kkj-resolved transmission coef-
ficients for zero bias are compared in Fig. 3. It is obvious
that only the LDOS at the Fe interface layers has features in
common with the transmission. In the minority spin channel
the symmetry of the transmission is only reflected in the
LDOS at the interface layer. The pronounced d-like states in
the majority spin channel visible in the LDOS far away from
the interface layer are not reflected in the transmission. The
LDOS of the interface layer is much smaller than in the bulk
region (compare layer I and I-4) and is dominated by more
delocalized states of sp-character. The current in the majority
spin channel is dominated by states with A; symmetry, which
explains the central peak of conductance in the center of the
Brillouin zone caused by the rapidly decreasing transmission
probability with an increasing angle of incidence.

On the other hand, the DOS is not the only part that
determines the transport coefficients. The other important in-
gredient is the matrix element which acts like a filter and
determines to which amount a particular state in the k-space
contributes to the current. These matrix elements are in-
cluded by the evaluation of Eq. (1) using the Green’s func-
tion of the whole junction. Our calculational scheme deter-
mines the current contributions from all states in the
Brillouin zone, which differ by orders of magnitude. These
differences cannot be described by the Julliere model, since
they require the quantum mechanical description of the
whole tunneling process.

In conclusion, the LDOS together with the corresponding
matrix elements determine the transport coefficients. The im-
portance of the matrix elements is confirmed by the IV char-
acteristics presented in Fig. 2, since the only difference be-
tween the investigated geometries is the structure of the
interface layers.

C. Transmission resonances

As already pointed out, our aim is to understand the origin
of the resonance in the differential conductance of the asym-

metric junction in the AP configuration. The importance of
the LDOS at the interface was already emphasized. For this
reason the spin-dependent LDOS of Fe at the left and right
interface layer shifted according to a bias voltage of 0.33 V
are shown in Fig. 4. With the help of the polarization (see
Fig. 2, right column middle panel) we know that the current
is carried almost by the majority electrons of the left lead.
Therefore, only the majority electrons of the left lead and the
minority electrons of the right lead have to be considered.
The interval for the energy integration between wg and p; is
marked in Fig. 4. At the FeO interface layer there is a peak in
the DOS of the minority spin, which was also observed by
other groups.?’ They claimed that this peak is the reason for
an experimentally observed strong increase of the current at
a particular bias voltage. From our analysis it is evident that
even when the maximum of the peak is not yet inside the
energy integration interval [see Eq. (2)], a resonance in the
current occurs.

To analyze this behavior the transmission T(E,V) is
shown for various applied voltages in Fig. 5. The integration

3 1| majority
2 1 :
=0 ey
[¥s] ‘
o -1 ™
()] 2 ,
3 | ~ minority
3 | maiority
s 5 M a
2 1 ;
% 0 :
o -1 '
8, .
3 Y/ minority

-5 -4 -3 -2 -1 0 1 2
E-(u+ug)/2 (eV)

FIG. 4. The LDOS of Fe in the interface layer of the asymmetric
junction at a voltage of about 0.33 V. Top: at the left interface
without oxygen; bottom: at the right interface with oxygen; The
integration window corresponding to the applied voltage is marked
by the vertical lines.
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FIG. 5. Transmission T'}(E) for different bias voltages of the
asymmetric junction in the AP configuration.

over these curves leads to the corresponding currents I(V)
[see Eq. (2)]. For a voltage of about 0.22 V a peak appears at
the upper bound of the integration interval and shifts for
larger voltages to lower energies, which means that the peak
is closely linked to certain states at the right interface. To
classify this resonance the spin-dependent k-resolved LDOS
and the transmission T(E) are compared for certain energies
in the integration interval for a bias voltage of 0.33 V in Fig.
6. The three chosen energy values are marked on the T(E)
curve in Fig. 5 by dots. In the AP magnetic configuration the
majority spin channel has majority character in the left elec-
trode and minority character in the right electrode. For this
reason the kj-resolved LDOS of majority spin in the left Fe

FE— Er =0.16eV

E—-FEpr =00V E—-FEp=0.1eV

FIG. 6. (Color online) Asymmetric junction in AP configuration:
Kkj-resolved LDOS and transmission TH(E) at bias V=0.33 V. left
column E-Er=0.0eV, middle E-Ep=0.1eV, right E-Ep
=0.16 eV (marked in Fig. 6), top row: majority LDOS of left Fe
interface layer (without oxygen), bottom row: minority LDOS of
right Fe interface layer (with mixed FeO layer), middle row: trans-
mission TH(E)
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interface layer and of minority spin in the right interface
layer are compared with the kj-resolved transmission. The
reason for the peak at about E—Er=0.10 eV in the transmis-
sion T(E) becomes obvious. At this energy electronic states
of local minority character exist in the right electrode close
to the center of the Brillouin zone, which show a large prob-
ability amplitude in the Fe interface layer. Because of the
sp-like character of the states in the left electrode (see LDOS
in Fig. 6, the upper row), which are available for many k;
vectors, electrons from these states can most easily tunnel
through the barrier into the right lead. At higher energies the
LDOS in the Brillouin zone center attenuates again and very
few final states in the right electrode are available. This
causes the transmission to level off for energies higher than
the resonance. Since the interface resonance is a local prop-
erty of the mixed FeO interface its position shifts according
to the applied external bias voltage to lower energies. These
states are only a small contribution to the total LDOS in this
atomic layer. For this reason the Kkj-integrated LDOS shown
in Fig. 4 cannot give a clue for a high transmission, because
only a small number of states carries the dominant part of the
current.

The peculiarity is also very pronounced in the symmetric
junction. This junction has identical interfaces with mixed
FeO layers. The LDOS is the same as shown in Fig. 4, bot-
tom panel, with a peak above the Fermi level for the minor-
ity spin channel. The IV characteristic for the AP configura-
tion of the symmetric junction, however, does not show the
same peculiarities as the asymmetric junction. The reason for
the absence is given by the tunneling matrix elements, which
reflect the fact that the electronic states at both interfaces do
not match. The different shape of majority DOS close to Ef
at the interface without oxygen (Fig. 4, top panel) and with a
mixed FeO layer (Fig. 4, bottom panel) points to the different
character of the states available for tunneling. This compari-
son shows that the evaluation of matrix elements is essential
to understand the formation of the tunneling current and its
behavior with an applied external bias voltage.

D. Comparison to Julliere’s model

To emphasize the importance of a description in the co-
herent limit of the transport through a crystalline barrier the
deviations using the simple idea of the Julliere model are
visualized explicitly. It was already pointed out in Sec. III B
that within the Julliere model the different transmission prob-
abilities of the contributing states in the P and AP magnetic
configurations are neglected. In Eq. (7) the quantity f(V) was
introduced to measure the difference in the averaged trans-
mission probability of P and AP magnetic configuration de-
rived from the spin-dependent currents. Furthermore, from
the spin-dependent currents comprised in the IV characteris-
tics in Fig. 2 the quantity f(V) is calculated for all junction
geometries using Eq. (8) and is shown in Fig. 7.

In the Julliere model f(V) is assumed to be one. The cal-
culations in the coherent limit, however, show large devia-
tions of f(V) for all types of junctions. As a measure of the
deviation the relative difference of the TMR ratio Al/I de-
rived from the IV characteristics and the TMR ratio (AI/1),,
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FIG. 7. (Color online) The proportionality constant referring to
Eq. (8) and the relative error of the TMR using the Julliere model
are shown.

including the restrictions by the Julliere model ATMR
A=Ay . . .
—T/,” is introduced and discussed in the bottom panel

of Fig. 7. The deviations are very large for all junction ge-
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ometries and reveal the shortcomings of the Julliere model
assuming a constant transmission probability for both mag-
netic configurations.

V. CONCLUSION

In conclusion, the tunneling conductance of single crys-
talline Fe/MgO/Fe tunnel junctions was calculated for dif-
ferent interface geometries as a function of the applied bias
voltage without adjustable parameters except the assumed
potential profile under the influence of an applied bias volt-
age. The modification of the interfaces allows the generation
of completely different bias voltage dependencies. Special
features of the bias characteristics such as resonances are
determined by the interface geometry and the related elec-
tronic structure. In particular, the local density of states at the
interface layers and the symmetry of the eigenstates in the
leads are of special importance. In addition, we have shown
that the properties of the IV characteristics and the TMR
ratio dependence on external bias voltage are not reproduce-
able within a Julliere model.
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