PHYSICAL REVIEW B 77, 224407 (2008)

Thickness dependence of the tunneling current in the coherent limit of transport
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We present investigations of the tunneling magnetoresistance (TMR) in planar Fe/MgO/Fe junctions per-
formed by means of ab initio calculations. The electronic and magnetic structures of the junctions are calcu-
lated self-consistently in the framework of density-functional theory. The transport properties are investigated
as a function of the barrier thickness in the limit of coherent tunneling. Interesting features such as sign reversal
of the TMR ratio as a function of the bias voltage and of the interface structure are proven to be stable with
increasing barrier thickness. It is shown that at large barrier thicknesses, only a small amount of states
contributes to the overall current, but the k=0 point is not involved for all Fe/MgO/Fe junctions we consid-
ered, in contrast to the general belief supported by simplified parabolic band models. The experimentally
observed saturation of the TMR ratio with increasing barrier thickness is confirmed and can be understood only
analyzing the complex band structure within the whole Brillouin zone. However, we cannot confirm an
oscillating behavior of the TMR ratio depending on barrier thickness as observed experimentally. This means
that the measured oscillations are not an intrinsic effect of the coherent tunneling states of the ideal crystalline

Fe/MgO/Fe structure.
DOLI: 10.1103/PhysRevB.77.224407

I. INTRODUCTION

Experimental investigations' of the thickness dependence
of giant magnetoresistance (GMR) were carried out shortly
after the discovery of the effect in magnetic multilayers.>>
Thereby, GMR and interlayer exchange coupling show simi-
lar oscillations, which can be explained by quantization ef-
fects within the nonmagnetic spacer layer.*~° The states caus-
ing these quantization effects can be localized on the Fermi
surface of the spacer material by the so-called nesting con-
ditions. Now one can speculate that the same behavior
should be expected in tunneling magnetoresistance (TMR)
measured in ferromagnet/insulator/ferromagnet sandwich
structures.”® Recent experimental investigations’ show
among the saturation of the TMR ratio an oscillation of the
TMR ratio with increasing barrier thickness. The period of
this oscillation is not equal to the atomic layer spacing. In
addition, the same authors investigated the dependence of the
TMR ratio on the applied bias voltage for different barrier
thicknesses, but they observed almost no dependence on the
barrier thickness. In general, for one particular thickness,
different bias voltage dependencies are observed
experimentally.”!? This discrepancy can be understood con-
sidering different interface structures between the Fe leads
and the MgO barrier.!'~'# The role of the interface structure
on tunneling was investigated in a variety of
experiments'>~'7 and was calculated in previous papers.'3!4
Strong changes of conductance and TMR ratio were obtained
in all cases. To elucidate the appearance of features in the
current-voltage characteristics, it is essential to discuss in
detail the electronic states contributing to the current. Due to
the fact that the features in the current-voltage characteristics
are determined by a few states in the two-dimensional (2D)
Brillouin zone with different exponential decay lengths in the
MgO, it is not obvious that features calculated for one barrier
thickness still survive for other thicknesses.

The aim of the present paper is the investigation of the
transport properties as a function of barrier thickness with
the help of ab initio calculations for different interface ge-
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ometries in the coherent limit of transport. The experimen-
tally observed saturation of the TMR ratio with increasing
barrier thickness can be understood by the complex band
structure of MgO and is a direct result of the electronic struc-
ture. No additional assumption such as defect scattering sug-
gested by other authors'®!” is necessary although such pro-
cesses will strengthen the effect of saturation. For this
purpose, a detailed discussion of the complex bands in the
whole two-dimensional Brillouin zone is essential, which is
an extension of the analysis by Butler et al.'' The striking
features of the current-voltage characteristics persist also for
large barrier thicknesses, which can be understood by a de-
tailed analysis of the interface electronic structure but is re-
stricted to the systems we considered. This means that it is
possible to have different current-voltage characteristics de-
pending on the barrier thickness for other tunnel junctions or
other interface geometries. It will be shown that an oscilla-
tion of the TMR ratio caused by the coherent electronic
structure is not feasible since the real parts of the complex
wave vectors of the contributing states inside the MgO bar-
rier are zero.

All our calculations are focused on epitaxially grown Fe/
MgO/Fe systems. Very accurate data of the interface atomic
structure are available for these junctions.®??! We studied
the effect of mixed Fe/O interfaces on the electronic struc-
ture and on the conductance of the Fe/MgO/Fe tunnel junc-
tion. Three types of junction geometries are discussed. All
the structural data of the interface configurations are identical
to our previous works.!*!* One geometry has ideal Fe/MgO
interfaces. In the second geometry both interfaces contain a
mixed FeO layer. The junction remains symmetric. In our
study, all oxygen sites in the interface layer are occupied and
the in-plane periodicity is kept. Partial occupancy of the FeO
layer by the oxygen atoms as found in experiment®” is not
discussed in this work but can change the bias dependence
drastically.?> The third configuration we considered contains
both one ideal and one mixed FeO interface and will be
labeled asymmetric.
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II. METHOD

The electronic structure of the systems was calculated
self-consistently within the framework of density-functional
theory using a screened Korringa—Kohn—Rostoker Green’s
function method well suited to treat systems of dimensions
comparable to experimentally investigated systems.?>?* For
the self-consistent calculations a superlattice geometry with
six MgO layers sandwiched by ten Fe layers was used. Six
MgO layers are sufficient to decouple both interfaces mag-
netically. The MgO layers in the center of the barrier have
the same properties such as MgO bulk material. Therefore,
the larger barrier thicknesses were built by inserting addi-
tional potentials of the central MgO layer without an extra
self-consistent cycle. For the conductance calculations, a sys-
tem with infinite Fe electrodes is constructed and the semi-
infinite boundary conditions are taken into account explicitly.
The obtained electronic and magnetic properties are in very
good agreement with previous 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.”® The total transmission T at a certain energy E is
obtained by a two-dimensional integration over the interface
Brillouin zone and the assumption of conduction in parallel
by the two spin channels,?’

T(E)= 2 f &Ky Ty (E). (1)

with the transmission probability T‘I:H(E)
=Ti[J{(E)G7 (K, E)JR(E)Gg, (K, E)]. The planes L and R
are located on both sides of the barrier in the unperturbed
electrode regions. J7 (E) are the current operator matrices
and G7(k,E) are the Green’s function elements connecting
both sides of the junction.?® The used k point meshes were at
least 40 000 points in the whole Brillouin zone. For some
larger barrier thicknesses, we used also denser mesh to reach
better convergence if necessary.

Applying an external bias voltage V, the chemical poten-
tials of the electrodes up and u;=ug+eV are shifted with
respect to each other. Due to the small transmission, we as-
sumed a linear voltage drop inside the MgO barrier, which
was confirmed by self-consistent calculations.!> From Ref.
12 the estimated typical charging in a tunnel junction for a
bias voltage of 1 V is very small, less than 0.01 eV for 8
monolayers of MgO. With increasing barrier thickness this
charging is decreasing. Therefore, we neglect these charging
effects in out calculations. The current density (V) is ob-
tained by an energy integration between up and u; to cover
all tunneling states,

2 M
1(v) = %é f dET(E). 2)

MR

The current density was calculated for parallel (P) and
antiparallel (AP) alignments of the magnetic moments in the
Fe electrodes. Due to the negligible magnetic interaction be-
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tween the electrodes, a frozen potential approximation was
applied to construct the effective potential for the AP con-
figuration from the P configuration.?*3°

III. COMPLEX BAND STRUCTURE IN MgO

Before we discuss the transport properties as a function of
the barrier thickness, it is advantageous to recall and extend
the current understanding of the origin of TMR in Fe/
MgO/Fe tunnel junctions. Mavropoulos et al.' figured out
the role of the complex band structure of an insulator to
understand the tunneling process in a ferromagnet/insulator/
ferromagnet tunnel junction. In particular, the imaginary part
of the complex wave vectors and the symmetry of the states
are of special importance. Twice the imaginary wave vector
defines the exponential decay rate of the transmission prob-
ability with barrier thickness. The analysis of Butler et al.!!

of the complex band structure at the I point leads to a simple
picture to understand the origin of a high TMR ratio in Fe/
MgO/Fe. They found out that the complex band with the
smallest imaginary wave vector has A; symmetry and the
band with the second lowest imaginary wave vector is of As
symmetry. This symmetry selection of the MgO barrier is
transformed into a spin filtering via the ferromagnetic Fe

electrodes. Fe has A states at the I" point only in the major-
ity spin. Therefore, electrons in this spin channel can tunnel
more effectively than electrons in the minority-spin channel.
This leads to a high spin polarization of the current and to a
high TMR ratio. Following this idea, the TMR ratio has to
increase exponentially with increasing barrier thickness due

to the different decay rates at the I" point. This is in contra-
diction to experimental results where the TMR ratio saturates
for barrier thicknesses above 2 nm.” We show that this be-
havior is in agreement with the treatment of the transport in
the coherent limit but it is essential to take into account
contributions of the whole Brillouin zone [compare Eq. (1)].

The simple picture considering the T’ point only does not
describe the system completely and an extension to the
whole Brillouin zone is necessary to explain the experimen-
tal results.

For this purpose, the imaginary part of the wave vector of
the two complex bands corresponding to the A; and A5 sym-

metries at the I' point is shown in Fig. 1 in the whole Bril-
louin zone. Due to their symmetry at the Brillouin-zone cen-
ter, the bands are labeled A;- and As-like in the following.
The imaginary wave vector of the A;-like states is smallest

around the T’ point, whereas the imaginary wave vector of
the As-like states is larger at the Brillouin-zone center. There
are areas far away from the zone center where both states
have the same decay length (green areas in Fig. 1). Based on

this analysis, the symmetry selection by the barrier at the r
point can be extended to an area around the Brillouin-zone
center distinguishing between states coupling primarily to
the A;-like band and to the As-like band in MgO, respec-
tively.

In summary, the MgO barrier performs a selection of tun-
neling states by providing a complex A;-like and a As-like
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FIG. 1. (Color online) Imaginary part of the complex wave vec-
tor of MgO at the Fermi level in the 2D Brillouin zone. (a) A;-like
band (A; symmetry at T point). (b) As-like band (A5 symmetry at T’
point). Az is the MgO interlayer spacing of 0.215 nm.

band near the Brillouin-zone center. The symmetry selection

is strictly valid only at the T’ point. At other k, points, the
strength of the coupling is defined by the matching of metal
and barrier wave functions.

IV. ZERO BIAS

We start with the discussion of our results in the zero-bias
limit. For this purpose Figure 2 shows the area resistance
product RA=[(e?/h)T(E)]"" and the corresponding TMR ra-
tio as function of the barrier thickness for all three interface
geometries we considered. The calculations were done over a
wide range of thicknesses between 6 and 30 monolayers of
MgO. Actually, we consider a very small voltage of 13 mV
to avoid possible sharp resonances for certain k; points at
exactly 0 V. Typical experimentally investigated thicknesses
are between 6 and 15 monolayers of MgO.° The presented
TMR ratios are given by the optimistic definition where the
difference of the resistance for antiparallel (AP) and parallel
(P) alignments of the moments in the Fe electrodes is divided
by the smaller resistance,

RAAP — RAP

— - 3
min(RAY,RAAP) 3)
An exponential increase in the area resistance product RA
depending on the barrier thickness is observed especially for
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FIG. 2. (Color online) Dependence of area resistance product
(top) and TMR ratio (bottom) on the barrier thickness for all geom-
etries we considered for zero bias: left, ideal and middle,
symmetric.
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FIG. 3. (Color online) kj-resolved total transmission for the
symmetric junction in the P configuration with a barrier thickness of
10 MgO monolayers. (a) The whole Brillouin zone and b) the an-
nulus in which the states are located which carry 90% of the total
current

very large thicknesses, which demonstrates that the method
is numerically stable even for very thick barriers. The slope
is different for the three junctions at small barrier thick-
nesses. The slope is lowest for the ideal structure and slightly
higher than observed in experiment.” The TMR ratio as a
function of barrier thickness shows a quite universal behav-
ior. A strong increase is obtained for small thicknesses and
almost a saturation is reached for the symmetric and asym-
metric geometries at larger thicknesses in agreement with
experiments.’ For the ideal junction the TMR is linearly in-
creasing with the barrier thickness and not exponentially like

expected using the symmetry argument at the T point only.
We show in Sec. V that in the limit of very large barrier
thicknesses, one expects a saturation even for the ideal junc-
tion. This means no additional assumptions such as scatter-
ing processes at defects are necessary as proposed by other
authors!® to explain the saturation. The saturation effect is,
however, stronger by including additional scattering and oc-
curs therefore at smaller barrier thicknesses. In particular,
even in a perfect Fe/MgO/Fe crystal structure, one expects to
measure no exponential increase in the TMR ratio with in-
creasing barrier thickness. Sections VI and VII analyze and
explain the reason for the saturation by means of the com-
plex band structure of MgO.

V. TUNNELING STATES AND DECAY RATES

To understand the saturation of the TMR ratio for thick
barriers, one has to identify which tunneling states in the
two-dimensional Brillouin zone have the largest contribution
to the current. Quite often the tunneling current is interpreted

in terms of states at the I" point (k;=0) only. In real systems,

however, the T point does not dominate the total current.
This fact will be analyzed in the following for the Fe/
MgO/Fe system. The annulus within the 2D Brillouin zone,
in which the states are located which carry 90% of the total
current, is determined for every system under consideration.
To give an example, in Fig. 3 the k;-resolved transmission
and the corresponding annulus are shown for the symmetric
junction in the P configuration with a barrier thickness of 10
MgO monolayers. The size of the annulus is presented in
Fig. 4 for all junction geometries we considered and all bar-
rier thicknesses by the inner and outer radius, k. and k-,
respectively. The annulus shrinks rapidly up to ten MgO lay-
ers and contracts further but much slower for all geometries.
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FIG. 4. (Color online) Annulus in k; space where the contribu-
tion to the complete transmission is 90% as a function of the barrier
thickness for all geometries we considered: left, ideal; middle, sym-
metric; and right, asymmetric.

In agreement with other calculations,?>33 the current is car-

ried by a few states located in a small region of the k; space.
The important fact is that for the ideal and asymmetric junc-
tion in the AP magnetic configuration, the annulus does not

contain the T point and states next to it, whereas in the P
configuration, the annulus in the k; space is nearly a circle

around the T' point. The reason for this behavior is the al-
ready mentioned symmetry selection of the MgO barrier. In
the P configuration, the transport is dominated by the A;-like
states which have the lowest decay rate at the zone center
whereas in the AP configuration the As-like states are impor-
tant which have the lowest decay rate away from the zone
center. Even at this point we want to mention that for thicker
barriers the main contributions in the AP configuration are
closer to the zone center where the As-like states already
have a clearly larger decay rate than the A,-like states. This
implies that for thick barriers different states with respect to

symmetry at the I' point form the current in comparison to
thin barriers. Before we prove this assumption, it is worth
mentioning that in the symmetric geometry in both magnetic
configurations the states close to k;=0 do not contribute sig-
nificantly to the current (compare Fig. 4, middle panel). This
fact can be understood easily because the symmetry is only a
necessary condition to obtain a high transmission probability.
Even matching the symmetry some tunneling matrix ele-
ments can be small influenced by the interface structure.>* In
particular, the FeO at the interface leads to a reduction of the

transmission probability at the T' point for the P configura-
tion. In the symmetric geometry, two FeO layers, one at each
side, are present which leads to a strong reduction of the

current contributions near the I point. However, in the asym-
metric junction only one FeO layer is present and the trans-
mission probability is large enough to contribute signifi-

cantly around the I' point in the P configuration of the
asymmetric geometry.

To support our indication of different states dominating
the current for thin and thick barriers, we want to analyze if
the contributing states are A;- or As-like states for thick bar-
riers. For this purpose, the decay of Tk”(d) is analyzed for
each k; point as a function of the barrier thickness d. The
decay rate of the transmission probability is extracted by an
exponential fit in the thickness range between 6 and 30
monolayers. Using this method, we calculated the maps of
decay rates shown in Fig. 5. Thereby, we made this analysis
for all three junction geometries, for all spin channels and for
both magnetic configurations separately.
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FIG. 5. (Color online) kj-resolved decay rates determined from
the Tk”(E ) dependence on barrier thickness d=6--+30 monolayers
for all geometries we considered: top, ideal; middle, symmetric; and
bottom, asymmetric. The columns refer to the corresponding spin
channels {7 and |,] for the P and 1] and |7 for the AP
configurations.

The comparison of these maps with the imaginary part of
the complex wave vector of MgO in Fig. 1 shows that the
dominating states for large barrier thickness are A,-like
states in all cases. This means that for the AP configuration
for thin barriers the main contribution occurs from the
As-like states of the leads but these contributions become
negligible for thick barriers. Only the portions of the states
which can couple to the A;-like band of MgO contribute for

large barrier thicknesses. Directly at the I' point, the symme-
try mismatch prohibits a contribution of A,-like states in the
AP configuration. This finding establishes that the signifi-
cantly contributing tunneling states (see Fig. 4) have nearly
the same decay rate for large barrier thickness independent
on the spin channel, the magnetic configuration, and the in-
terface structure. Consequently, the TMR ratio saturates for
large barrier thicknesses since the exponential decay of RA is
almost the same for the P and AP configuration. The
asymptotic value of the TMR ratio is determined by the spin

anisotropy of A,-like states around the I" point at the inter-
face due to the matching conditions discussed above.

VI. OSCILLATION OF TUNNELING
MAGNETORESISTANCE RATIO

Besides the saturation of the TMR ratio Yuasa et al.” and
Matsumoto et al.*> measured an oscillation of the TMR ratio
as a function of the barrier thickness. In our calculation, we
do not observe such an oscillating behavior (see Fig. 2). In
general, an oscillating behavior of T‘IZ" depending on thick-
ness d is caused by the real part of the complex wave vector
of eigenstates in the band gap of MgO.!! It was pointed out
in Sec. VIII that all contributing states for large barrier thick-
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FIG. 6. (Color online) k-resolved real part of the complex wave
vector in the MgO band gap of the band with the smallest imaginary
part of the wave vector (A;-like character) in units of 7/Az.

ness are A,-like states. Therefore, only the real part of the
wave vector shown in Fig. 6 of the corresponding complex
band of MgO has to be analyzed. As shown in Fig. 4, the
contributing states for large barrier thicknesses are located in

a region around the T' point where the real part of the wave
vector of the corresponding complex band of MgO is zero.
Therefore, no oscillations of the current density and resulting
TMR ratios were obtained for all the junction geometries we
considered. For this reason the TMR oscillations observed in
Fe/MgO/Fe junctions®> cannot be attributed to quantum
size effects inside the ideal MgO tunneling barrier. Their
occurrence is still under debate.

VII. CURRENT-VOLTAGE CHARACTERISTICS

The bias dependence for the junction with 4 MgO mono-
layers was already discussed in terms of the conductance and
TMR ratio in Ref. 14. Following the above findings, one can
expect significant changes of the contributing states concern-
ing their positions in the Brillouin zone with increasing bar-
rier thickness. Therefore, the important question arises, how
characteristics features of the current-voltage characteristics
change with increasing barrier thickness. It is not obvious
that the features are conserved at different barrier thick-
nesses. In particular, it depends on the tunneling states that
cause a specific feature. Therefore, we want to analyze what
happens to the already discussed'* fingerprints of the bias
dependence for larger barrier thicknesses. The calculated
bias dependence of the current density (V) is shown in Fig.
7 for all junction geometries we considered and for barrier
thicknesses of 4, 8, and 12 monolayers. Surprisingly, the
changes are very small, besides the expected strong exponen-
tial decrease of the current magnitude. The reader should
notice the different scales of current. The striking features
such as the sign reversal of the TMR in the symmetric ge-
ometry and the jump of the antiparallel current at a voltage
of about 0.4 V in the asymmetric geometry remain even for
thicker barriers. The origin of these features for a barrier of 4
MgO layers is discussed in detail in Ref. 14 and can be
understood in terms of the k-resolved density of states at the
interface and the tunneling matrix elements connecting both
interfaces. In particular, the states which cause the main fea-

tures have to be located close to the I" point (see Fig. 4) and
have to have A;-like character (see Fig. 5) to persist for large
barrier thicknesses. This is obviously the case for the features
shown in Fig. 7, but this behavior cannot be generalized to
other interfaces or lead materials. In particular, each specific
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FIG. 7. (Color online) Bias dependence of the current density
for three different barrier thicknesses and three junction geometries:
top, 4 MgO layers (already published in Ref. 14); middle, 8 MgO
layers; bottom, 12 MgO layers; left, ideal; middle, symmetric; and
right, asymmetric

feature in a bias dependence has to be analyzed explicitly if
it fulfills the mentioned conditions to persist for larger barrier
thicknesses.

VIII. CONCLUSION

In conclusion, the current density of Fe/MgO/Fe tunnel
junctions was calculated without adjustable parameters for
different interface geometries as a function of the applied
bias voltage and as a function of the barrier thickness. The
zero-bias resistance shows an exponential increase with bar-
rier thickness for all interface geometries but with slightly
different slopes for small thicknesses. The experimentally
observed saturation of the TMR ratio with barrier thickness
can be reproduced in the coherent limit for the ideal crystal-
line structure without any defect scattering. The explanation
of this saturation is that the fraction of A;-like character of
the states around the Brillouin-zone center dominates the
current at large barrier thicknesses. Therefore, these states
obey almost the same exponential decay and the resistances
in P and AP configuration have nearly the same exponential
increase. Characteristic features of the bias dependence of
the TMR ratio are fingerprints of the coherent electronic
structure and are stable as a function of barrier thickness for
the geometries we considered. However, there is no general
argument whether a specific feature is conserved also for
larger barrier thicknesses. Furthermore, the experimentally
observed oscillations of the TMR ratio with barrier
thickness®3> are not an intrinsic quantum size effect of the
ideal crystalline Fe/MgO/Fe tunnel junction since the real
part of the complex wave vector of the MgO band-gap states
is zero for the relevant states.
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