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Spin-dependent tunneling conductance of FezMgOzFe sandwiches
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We present first-principles based calculations of the tunneling conductance and magnetoconductance of
epitaxial Fe(100)uMgO(100)uFe(100) sandwiches. Our results indicate that tunneling is much more interesting
and complicated than the simple barrier model used previously. We obtain the following general results:~1!
Tunneling conductance depends strongly on the symmetry of the Bloch states in the electrodes and of the
evanescent states in the barrier layer.~2! Bloch states of different symmetry decay at different rates within the
barrier. The decay rate is determined by the complex energy bands of the same symmetry in the barrier.~3!
There may be quantum interference between the decaying states in the barrier. This leads to an oscillatory
dependence of the tunneling current onki and a damped oscillatory dependence on barrier thickness.~4!
Interfacial resonance states can allow particular Bloch states to tunnel efficiently through the barrier. For
Fe(100)uMgO(100)uFe(100) our calculations indicate that quite different tunneling mechanisms dominate the
conductance in the two spin channels. In the majority channel the conductance is primarily via Bloch electrons
with small transverse momentum. One particular state withD1 symmetry is able to effectively couple from the
Fe into the MgO. In the minority channel the conductance is primarily through interface resonance states
especially for thinner layers. We predict a large magnetoresistance that increases with barrier thickness.

DOI: 10.1103/PhysRevB.63.054416 PACS number~s!: 75.70.Cn, 72.15.Gd, 73.40.Gk, 73.40.2c
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I. INTRODUCTION

There is presently great scientific and commercial inte
in spin-dependent tunneling between ferromagnetic e
trodes separated by insulating oxide barriers.1–4 Most of the
interest for applications currently centers on systems w
amorphous aluminum oxide tunneling barriers because of
relative ease of growing adherent aluminum oxide with
pinholes. Unfortunately these systems are difficult to char
terize and model because of the noncrystalline nature of
oxide and the lack of any known epitaxial relationship b
tween the oxide and the ferromagnetic electrodes.

Recently Heinrich et al. have grown
Fe(100)uMgO(100)uFe(100) magnetic tunnel junctions b
depositing MgO epitaxially onto Fe whiskers and then d
positing another Fe electrode epitaxially on top of the MgO5

They were able to demonstrate tunneling through MgO b
riers that were only 5 atomic layers in thickness. Furth
more their results indicated that the transport through at l
the top electrode was primarily ballistic even at room te
perature. Unfortunately they were not able to measure
magnetoresistance of this system in their initial experime

In this paper we use first-principles electronic structu
techniques to calculate the tunneling between Fe~100! elec-
trodes separated by MgO tunneling barriers. In order to
culate the electronic and magnetic properties of FeuMgOuFe
sandwiches it is necessary to have a reliable physical m
for the interface between Fe~100! and MgO. The structure
that we used is described in Sec. II. This model for the ph
cal structure was then used for calculations of the electro
and magnetic structures. These are described in Sec
Based on the physical electronic and magnetic structures
tunneling conductance and magnetoconductance were c
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lated. The results of these calculations are described in
IV.

Most previous theories of tunneling conductance a
magnetoconductance have emphasized the density of s
of the electrodes. The tunneling matrix elements are alm
always neglected or treated as inert factors. One of our c
clusions is that this approach is completely inadequate
understanding tunneling. The nature of the states both in
electrodes and in the barrier layer are extremely importan
determining the tunneling conductance. Specifically we sh
show that the symmetry of both the propagating states in
electrodes and of the evanescent states in the barrier ma
are crucial to determining the tunneling conductance.
shall also show that there may be multiple states with co
plex wave vectors in the insulating barrier and that these m
lead to strong interference effects in the tunneling cond
tance. Interfacial resonance states can also strongly influe
the tunneling conductance.

Because of the different character of the states at
Fermi energy in the majority and minority channels, t
dominant tunneling mechanisms are quite different. In
majority channel the conductance is primarily via Blo
electrons with small transverse momentum. One particu
state withD1 symmetry is able to effectively couple from th
Fe into the MgO and also out of the MgO into the Fe ele
trode on the other side. In the minority channel the cond
tance is primarily through interface resonance states e
cially for thinner layers. As the barrier becomes thicker t
majority channel conductance for parallel moment alignm
dominates the conductance because of the slow decay o
D1 state in the MgO. This leads to a large magnetoresista
that increases with barrier thickness.
©2001 The American Physical Society16-1
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II. STRUCTURE OF IRON –MAGNESIUM OXIDE
INTERFACE

There have been several studies of the growth of MgO
Fe~100!6–9 and of the interface between the iron and MgO
was found both for iron deposited on MgO~100! and for
MgO deposited onto Fe~100! that Fe@100# is parallel to
MgO@110#. Low energy electron diffraction~LEED! studies8

strongly suggest that the Fe atoms sit atop the O atoms w
Fe is deposited onto a clean MgO~100! surface. A diagram
of the interfacial structure is shown in Fig. 1. Although
was difficult to precisely determine the Fe–O separation
the LEED study a separation of 2.0 Å was considered m
probable.

In addition to the experimental studies of the FeuMgO
interface we know of one theoretical study10 which treated a
monolayer and a bilayer of Fe adsorbed on an MgO surfa
In that study the MgO was modeled as five~100! layers of
MgO with either one or two layers of Fe placed on both sid
of the MgO slab. Total energy calculations using the lo
spin density approximation~LSDA! to density functional
theory ~DFT! implemented within the full-potential linear
ized augmented plane wave~FLAPW! technique determined
that the Fe atoms preferred to sit atop the O atoms.
predicted O–Fe distance was 2.3 Å for the monolayer
this was assumed not to change for the bilayer. Reconst
tion or rumpling of the MgO layers was apparently not co
sidered. The general picture emerging from this study w
that there are only weak interactions between the electr
structures of Fe and MgO.

Our interest is centered on a slightly different structu
that of only a few MgO atomic layers deposited onto an ir
substrate followed by deposition of a relatively thick Fe t
electrode. Experimentally, seven atomic layers of MgO c
be grown pseudomorphically5 on Fe~100!. For thicker MgO
layers misfit dislocations form to partially relieve the 3.5
compressive in-plane strain that arises due to the larger M
lattice constant. Thus the previous studies were for an in

FIG. 1. Interface for Fe(100)uMgO. Larger atoms are iron
Darker atoms above iron atoms represent oxygen. Small light at
represent magnesium.
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face in which the Fe lattice was expanded in-plane wherea
seems more appropriate to model this system as having
terfaces in which the Fe is at its equilibrium lattice consta
and the MgO layers are contracted in-plane.

We therefore performed a series of full potential LSDA
DFT calculations using the plane wave pseudopoten
technique.11 In these calculations the sandwich structure w
modeled by a 15 atom/supercell with five~100! Fe layers
alternating with five~100! MgO layers. The in-plane lattice
constant was held equal to that calculated for LSDA–D
bcc Fe. All atomic coordinates were allowed to relax in t
direction perpendicular to the layers. These calculatio
yielded an Fe–O distance of 2.169 Å intermediate betw
that predicted by the FLAPW study and that deduced by
to LEED data. The spacing of the first two Fe layers w
found to be about 2% smaller than between the second
third Fe layers. We found only a slight (0.05 Å) displac
ment of the Mg atoms in the first MgO layer towards the
interface.

III. ELECTRONIC AND MAGNETIC STRUCTURE

In order to determine the electronic structure within
framework that could be used to determine the transmiss
and reflection amplitudes of Bloch waves in Fe incident
the MgO layer we used the layer Korringa–Kohn–Rosto
technique12 which does not require the assumption of an
tificial periodicity in the direction perpendicular to the layer
Four ~100! layers of MgO were embedded within an F
~100! lattice. The experimental Fe lattice constant 2.866
was used for the iron lattice. The Fe–O distance was take
be 2.16 Å. The MgO lattice constant both in-plane and o
of-plane was taken to be a factor ofA2 larger than that of the
Fe. The atomic potentials were represented within the ato
sphere approximation using sphere radii of 1.022 Å a
1.427 Å for Mg and O, respectively. In addition, to co
rectly account for the volume of each layer an empty sph
of radius 0.9476 Å was inserted in the interfacial Fe lay
just below the Mg atom displaced 0.067 Å towards the M

The calculation proceeded by calculating the electro
structure and Green function for bulk Fe. Then the Gre
function was used to embed four MgO monolayers and e
additional atomic layers of Fe~four on each side of the
MgO! in the bulk Fe. The Fermi energy was maintain
equal to that of the bulk iron as the self-consistent electro
structure was calculated for the entire system consisting
bulk iron plus the 12 embedded layers.

The self-consistent calculation allowed for a rearran
ment of charge between the layers. This rearrangemen
charge is necessary to correctly offset the bands of the M
relative to those of Fe and is shown in Fig. 2. Here we ha
counted the approximately 0.5 electrons in the empty sph
near the interface as residing on the last Fe layer. We fin
general agreement with the FLAPW calculations, that th
is relatively little charge transfer between the Fe and
MgO. The total moment calculated for the iron atoms of t
interfacial layer was approximately 3mB which agrees with
the FLAPW calculations cited previously.10

The electronic density of states~DOS! was calculated for

s
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SPIN-DEPENDENT TUNNELING CONDUCTANCE OF . . . PHYSICAL REVIEW B 63 054416
each layer and for the majority and minority spin channe
We found that the density of states near the interface
quite different from that of the bulk and that this differen
was opposite for the two spin channels as is shown in Fig
and 4.

Near the interface the majority DOS is strongly reduc
in the vicinity of the Fermi energy whereas for the minor

FIG. 2. Charge rearrangement in the FeuMgOuFe sandwich. The
redistribution of charge near the interface is necessary to corre
position~in energy! the MgO potentials relative to those of the F

FIG. 3. Density of states for each atomic layer of Fe~100! near
an interface with MgO. One hartree equals 27.2 eV.
05441
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spin channel the Fermi energy falls near a sharp peak in
DOS. The FLAPW calculations previously cited10 also show
a very sharp peak in the minority DOS for the case o
single Fe layer on MgO. The general result shown here
the majority Fermi energy DOS is reduced near the interf
and the minority DOS has a large peak just above the Fe
energy seems to be a common feature associated with
interface between Fe~100! and an insulator or semiconduc
tor. We have observed qualitatively similar effects in calc
lations of the electronic structure of interfaces
Fe(100)uGe,13 Fe(100)uGaAs,13 Fe(100)uZnSe,14 and
Fe(100)uvacuum.15

The density of states for the MgO layers in the vicinity
the Fermi energy~Fig. 4! shows a wide gap in the density o
states especially on the interior MgO layers that appear
be approximately 5.5 eV in width extending from 0.244 ha
tree to 0.446 hartree in Fig. 4. We verified the gap posit
and width by taking the potentials from the layer interior
the barrier region and repeating them periodically to form
bulk system. The position and width of the gap calcula
this way were identical to those obtained from the DOS
Fig. 4. Similar calculations for semiconductors such as Ga
~Ref. 13! and ZnSe~Ref. 15! did not show such a well-
defined gap for very thin barrier layers. The calculated g
width agrees with previous DFT–LDA calculations16 but is

tly

FIG. 4. Density of states for each of the atomic layers of Mg
near an interface with Fe~100!.
6-3



Fe
in
re
a
a

e

n
a

t
b

ou
w
ca
an
th
s

r-

al

e

e
tron

is-

nt is
rent
deri-
d to
d to
u-
ili-

are

ue
ed to
for
ne
ar-
the

ua-
the
of
at-

ur-
irre-

rier
on-
of

nd
his
sion

BUTLER, ZHANG, SCHULTHESS, AND MacLAREN PHYSICAL REVIEW B63 054416
somewhat less than the experimental value of 7.8 eV.17

There seems to be a faint ‘‘echo’’ of the peak in the
minority DOS just above the Fermi energy that is visible
the minority DOS of the interfacial MgO layer. There a
similar faint echos of peaks in the majority Fe DOS that c
be seen in the interfacial MgO DOS near 0.26 and 0.31 h
tree.

IV. TUNNELING CONDUCTANCE

We calculated the tunneling conductance by use of a v
simple but general result due to Landauer18,19 which relates
the conductance to the probability of a Bloch electron in o
of the Fe electrodes being transmitted through the MgO b
rier layer to the opposite electrode.

To understand the Landauer conductance formula i
helpful to consider two reservoirs for electrons connected
a sample as shown in Fig. 5. The sample, in our case, w
consist of the MgO tunneling barrier surrounded by the t
Fe electrodes. If we imagine the left reservoir with chemi
potentialm1, to be an emitter of right going electrons, we c
write the current density of those electrons that leave
reservoir on the left and enter the reservoir on the right a

J15
e

~2p!3E d3kvz
1~k! f 0

1~m1!T1~k!, ~1!

where

T1~k![(
k8

T11~kk 8!, ~2!

and z is the direction from reservoir 1 to reservoir 2. Pe
forming the integral overkz yields

J15
e

A (
ki , j

1

2pE dkz

1

\

]«

]kz
f 0~m1!T1~k! ~3!

which yields an expression for the current

I 15
e

hE
m1

d«(
ki , j

T1~ki , j !. ~4!

Here the sum overj is needed because there will, in gener
be more than one Bloch state for a given value ofki . A line
of reasoning similar to the one that led to Eq.~4! leads to an
expression for the current of electrons emitted in the2z
direction by the reservoir on the right which enter the res
voir on the left

FIG. 5. Two electron reservoirs connected by a sample.
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hE
m2

d«(
ki , j

T2~ki , j !. ~5!

Assuming time reversal invariance, we can equateT1 and
T2. ~To apply the time reversal argument rigorously w
should reverse the moment directions as well as the elec
directions. If we ignore spin–orbit coupling however,T1

5T2 for the individual spin channels.!This allows us to
write the net current as

I 5I 12I 25
e2

h (
ki , j

T1~ki , j !
m12m2

e
~6!

which yields the Landauer conductance formula

G5
e2

h (
ki , j

T1~ki , j !. ~7!

The original Landauer formula has the ratio of transm
sion probability divided by reflection probability (T/R)
where we have only the transmission probability in Eq.~7!.
It is now usually accepted that this additional factor of 1/R is
present or not depending on exactly how the measureme
performed that is, on whether or not one measures cur
and voltage using the same leads as is assumed in the
vation here or whether a separate set of probes is use
determine the voltage across the sample. When applie
tunneling, the difference between the two formulas will us
ally be negligible because tunneling transmission probab
ties are usually very small and the reflection probabilities
near unity.

We have already described14 how the primitive transmis-
sion and reflection amplitudes that the layer-KKR techniq
uses to propagate plane waves between layers can be us
calculate the transmission and reflection amplitudes
Bloch waves. Briefly, the equations which describe pla
waves reflecting from and being transmitted through the b
rier are transformed into a set of equations that describe
transmission and reflection of Bloch waves. This set of eq
tions contains both traveling and evanescent solutions of
Schrödinger equation for the crystal. Within the subspace
the traveling Bloch states however, we obtain a unitary sc
tering matrix. Because the scattering matrix is unitary, c
rent is conserved and the same conductance is obtained
spective of which two layers on opposite sides of the bar
are used to calculate the transmission probability. We c
sider this to be an important test of the validity of a theory
tunneling and its implementation.

A. Majority transmission probability

The calculated transmission probability as a function ofki
for the majority spin channel is shown in Fig. 6 for 4, 8, a
12 layers of MgO. We shall discuss the transport in t
channel first because the dependence of the transmis
6-4
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SPIN-DEPENDENT TUNNELING CONDUCTANCE OF . . . PHYSICAL REVIEW B 63 054416
probability on ki is easier to understand for the majori
channel than for the minority channel or for antiparallel m
ment alignment.

Because of the two-dimensional periodicity, the crys
momentum parallel to the layers is conserved. For the
jority channel the conductance has a rather broad peak
tered atki50. A somewhat similar peak is predicted for th
tunneling of free electrons through a simple square barrie20

The conductance observed here however differs significa
as is shown in Fig. 9 which shows the transmission proba
ity as a function ofkx for ky50. The oscillations in trans
mission as a function ofki will be discussed later.

One important feature that is clear from comparing
three panels of Fig. 6 is the increasing concentration of
transmission in the region nearki50 as the insulating barrie
layer is made thicker. This general feature would be expec
from the simple model of a free electron incident on a squ
barrier of heightVb and thicknessd for which the transmis-
sion probability contains a factor exp(22dk) where k2

5(2m/\2)(Vb2EF)1ki
2 . In real systems the variation o

the transmission is much more complicated as we shall

FIG. 6. Majority conductance for 4, 8, and 12 layers of Mg
Units for kx andky are inverse bohr radii.
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cuss below. However the strong concentration of majo
transmission nearki50 and the fact that this region of th
two-dimensional zone dominates the transmission for sim
model barriers indicates that it is important to understand
tunneling in detail forki50.

B. Effect of symmetry at k iÄ0

In order to better understand the conductance we exam
the tunnelingDOS forki50 for the individual energy bands
We define the tunneling density of states~TDOS! to be the
density of electronic states subject to the following bound
conditions: on the left-hand side of the interface there is
incoming Bloch state with unit flux and the correspondi
reflected Bloch states; on the right-hand side are the co
sponding transmitted Bloch states. Figure 7 shows the TD
associated with each of the Fe~100! Bloch states havingki
50.

The tunneling density of states plots illustrate seve
novel features of tunneling in real systems. Consider first
issue of symmetry. Both the majority and minority chann
have four Fe~100! Bloch states forki50. In the majority
channel there is aD1 state, a doubly degenerateD5 state, and
a D28 state. The minority channel has four states with t
same symmetries as the states of the majority channel
the crucial exception that the majorityD1 state is replaced by
a D2 minority state. This information of course is availab
by simple inspection of a band structure calculation for b
Fe.

The decay rates for each of the Fe~100! Bloch states
within the MgO can be determined by inspection of a ba
structure plot as is illustrated in Fig. 8. In this figure,k2(E)
along the@100# (D) direction is plotted for energies in th
vicinity of the gap for bulk MgO. In this case,k2 was calcu-
lated using the LKKR code with the potentials for bulk Mg
taken from a center layer of the Fe(100)uMgO(100)uFe(100)
sandwich in order to correctly place the Fermi energy with
the gap but any calculation for the band structure of b
MgO would suffice for obtaining a qualitative understandi
of the decay rates. Figure 8 shows (kDz)2 whereDz is the
interplanar spacing for MgO~001! and k is in the ~001! di-
rection. The figure shows (kDz)2 for the three symmetries
(D1 , D5, and D28). For each symmetry we plot only th
complex band with the smallest values ofuk2u in the vicinity
of the Fermi energy. The nearest complex band with symm
try D2 would cross the Fermi energy with a value
2(kDz)2 of approximately 31.5. The energy range for whi
all values ofk2 are less than zero is the energy gap. T
remaining symmetry in the~001! direction,D18, which is not
represented in Fe or MgO near the Fermi energy has a m
mum angular momentum ofl 54 and presumably only yields
a real band at very high energy. It would correspond to
state that decays extremely rapidly.

It can be seen that the slowest decay rate is for states
D1 symmetry which are predicted to decay at the r
exp(22kDz) wherekDz5A2(kD1

Dz)2'1.47. Band states

in MgO with D1 symmetry occur at both the bottom and th
top of the energy gap.D1 states transform like linear comb
nations of functions with 1,z, and 2z22x22y2 symmetry.
6-5
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FIG. 7. Tunneling DOS forki50 for Fe(100)u8MgOuFe(100). The four panels show the tunneling DOS for majority~upper left!
minority ~upper right!, and antiparallel alignment of the moments in the two electrodes~lower panels!. Additional Fe layers are included in
the lower panels to show the TDOS variation in the Fe. Each TDOS curve is labeled by the symmetry of the incident Bloch state i
Fe electrode.
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The next slowest decay rate is for states withD5 symmetry.
There is a high massD5 band at the top of the valence ban
These states are doubly degenerate and transform like li
combinations of functions withzx and zy symmetry. The
D28 state becomes a band state about 2.7 eV above the
tom of the conduction band. However, it becomes real at

FIG. 8. Dispersionk2(E) for MgO in the vicinity of the gap
along D ~100!. Negative values ofk2 determine the exponentia
decay rates for various Bloch states.Ev is top of valence band.Ec

is the bottom of the conduction band.
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X point (kDz5p); thusp has been subtracted fromkDz for
the D28 state for the purposes of plotting the decay rates
Fig. 8.

Majority Bloch states withD1 symmetry in the Fe elec
trodes decay as evanescent states withD1 symmetry in MgO.
Similarly D5 Bloch states which occur for both majority an
minority Fe~100! decay as evanescent states with the sa
symmetry in the MgO. TheD28 Bloch states which havexy
symmetry and which occur in both the majority and minor
Fe~100! channels however, decay asD2 states in the MgO.
Similarly, the D28 states (y22z2 symmetry! decay asD2

states in the MgO. The reason for this is not a mysterio
change in the symmetry of the wave functions but is due
the fact that the MgO cubic cell is rotated byp/4 with re-
spect to that of the Fe, thus states withx8y8 symmetry in Fe
havex22y2 symmetry in MgO where (x,y) and (x8,y8) are
related by ap/4 rotation.

The results of these symmetries can be seen in Fig
Consider first the upper panels which show the tunnel
DOS for the two spin channels for parallel alignment of t
moments in the two electrodes. Only the majority chan
has the slowly decayingD1 state. Thus its conductance
much higher than that of the minority channel. The ne
slowest decay is that of theD5 states which are present i
6-6
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SPIN-DEPENDENT TUNNELING CONDUCTANCE OF . . . PHYSICAL REVIEW B 63 054416
both channels. Both majority and minority Fe channels h
a D28 state that couples to aD2 state in the MgO where i
decays very rapidly because there are no~real! D2 bands near
the Fermi energy. Finally there is a minority FeD2 state that
couples to aD28 state in the MgO and then decays faster th
the D5 state but not so fast as theD2 state. The decay rate
for all of the states are given precisely by the complex
ergy bands of Fig. 8.

In the vicinity of the gapk2 can be represented by

1

k2~E!
5

\2

2mv* ~E2Ev!
1

\2

2mc* ~Ec2E!
, ~8!

where Ev and Ec are the top of the valence band and t
bottom of the conduction band, respectively, for theD1 band.
mc and mv are the effective masses for these states at
band edges. For theD5 band Ev is the top of the valence
band andEc is the energy of aG15 state about 15 eV abov
the top of the conduction band. For theD1 band Eq.~8! is in
almost exact agreement with the calculated complex ene
band if we usem* /m50.3782 for both the conduction an
the valence band. TheD5 band is only given approximatel
by Eq. ~8!; however it can be rendered accurately by inclu
ing second order terms inE2Ev andEc2E in the denomi-
nators. Thus it should be possible to estimate the decay r
for spin-dependent tunneling from the band structure of
barrier material.~An alternative to plottingk2(E) in the vi-
cinity of the gap edges would be to fit the bands in t
vicinity of the gap with a model Hamiltonian that yields a
analytic expression for the bands in the vicinity of the g
and then solving the resulting secular equation forkz as a
function of E!. The use of a band structure determined e
perimentally, for example, from photoemission,21 should
lead to accurate decay rates within insulating barriers.

C. Interference of tunneling states

It is generally believed that the simple barrier model
appropriate for describing the tunneling of electrons throu
insulating barriers. In the preceding section we showed c
trary to that model, that states with different symmetry dec
at different rates as they tunnel through the barrier. In t
section we address the variation of the tunneling current w
ki and show that the barrier model fails for this aspect
tunneling as well. Figure 6 gives an overall representation
the majority tunneling current throughout the tw
dimensional Brillouin zone. However, additional detail a
structure can be seen if the transmission is presented
logarithmic scale as is shown in Fig. 9.

According to the theory for tunneling through a simp
barrier the transmission should vary withki as exp(22dk)
whered is the thickness of the barrier andk is given by20

k25
2m*

\2
~Eb2E!1ki

25k0
21ki

2 . ~9!

A comparison of this result with the calculated transmiss
is shown in Fig. 9. It can be seen that the initial decreas
much faster than would be expected by the standard the
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For larger values ofkx the calculated decrease is muc
slower than predicted by the standard theory. In fact it
pears that theki dependence is oscillatory as if there we
wave interference within the barrier.

The oscillations in the transmission that occur as a fu
tion of ki result from the complex band structure of MgO
the energy gap. The complex values ofkz at the Fermi en-
ergy are plotted as a function ofki in Fig. 10. The two states
shown have the lowest value of the imaginary part ofkz and
are therefore the most important for determining the tra
mission probability. The states are plotted as a function oki

alongḠ to X̄. At kx50 the two states shown are theD1 and
one of theD5 states. Askx increases from zero their real pa
increases linearly from zero and is the same for both sta

FIG. 9. Majority transmission probability as a function ofki for
ky50 for 4 and 8 layers of MgO. The curves end before the zo
boundary is reached because there are no states forkx

.0.55 (a.u.)21. Smooth curves show the expected behavior of
transmission probability from Eq.~9!.

FIG. 10. Real and imaginary parts ofkz plotted as a function of
kx for MgO. The two values ofkz with the smallest imaginary part
are shown. Plus symbols~squares! denote values of the real~imagi-
nary! part ofkz calculated with the layer KKR code. The solid lin
and dotted lines are the real and imaginary parts, respectively
the fit to complexkz described in the text.
6-7
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At kxDz'0.59 the imaginary parts become equal and
real parts bifurcate. Afterwards the imaginary part rema
approximately constant. The real parts ofkzDz are equal to
p and 0 at the zone boundary which occurs atkxDz
5p/A2. The smooth curves which provide a good fit to t
complex values ofkz are the given by the formula

uz2 i ū05
ux

A2
6aA~ux2h!~ux1j!, ~10!

whereuz5kzDz andux5kxDz. The constantsū0 , a, h, and
j are determined in the following way:ū05(uz

D11uz
D5) is

the average of the two imaginary roots forux50. h is the
value ofux for which the curves in Fig. 10 bifurcate.a andj
are determined by the difference of the two imaginary ro
at ux50 and by the requirement thatuz5p or 0 at ux

5p/A2.
The behavior of the complex values ofkz shown in Fig.

10 leads to the interesting interference effects shown in
9. For kxDz less than 0.59 the transmission is predicted
decay asucu2 wherec5exp(ik1d)1exp(ik2d) wherek1 and
k2 represent the two complexkx-dependent values ofkz .
Thus forkxDz,0.59 a.u.,

ucu25e22k1d1e22k2d12e2k1d2k2d, ~11!

where k1(2)5Im@k1(2)(kx)#. Thus for kxDz,0.59 a.u. the
decay of the transmission follows a sum of exponentials
as a function of thickness and decreases much faster wiki
than would be expected from Eq.~9!. On the other hand, fo
kxDz.0.59 a.u. the imaginary parts ofk1 andk2 are equal
so that

ucu252e22k(kx)d$11cos@k1
r ~kx!2k2

r ~kx!#d%, ~12!

wherek1
r andk2

r are the real parts of the two values ofkz .
Thus the transmission is a damped oscillatory function
thickness and is a purely oscillatory function ofkx sincek is
essentially independent ofkx for kxDz.0.59 a.u.

We find it interesting that only a few layers of MgO see
to be sufficient that the complex energy bands of bulk M
determine the decay of the states in the barrier and determ
the dependence of the transmission onki . It is also interest-
ing that in this particular case, the transmission as a func
of ki switches discretely between an exponential and an
cillatory form. We have seen similar oscillatory behavior f
transmission through ZnSe tunneling barriers so we sus
that this may be a general feature of tunneling through
materials.

This type of behavior can arise in the following way.
the dispersion relation in the vicinity of the gap is describ
within a tight binding model we expect that it can be e
pressed as a polynomial in cos(uz) with real coefficients that
depend onux . The roots of this polynomial must be eithe
real or they must occur as pairs that are complex conjuga
If the roots with the smallest imaginary part are comp
conjugatesr ,r * then the values ofuz can be found from

z222rz1150, z222r * z1150, ~13!
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wherez5euz. Each of these equations has two rootsz1
65r

6Ar 221, z2
65r * 6A(r * )221. Because z1

1z1
25z2

1z2
2

51 we know that only two of these roots will represe
decaying waves. Thus ifuz1

1u,1 it follows that the two de-
caying roots,z1

1 and z2
1 , have equal modulusuz1

1u5uz2
1u.

Thus, the imaginary parts ofuz for these two solutions will
be equal. This would lead to the observed interference eff
Note that this doesnot explain why the imaginary part ofuz
is almost independent ofux .

D. Tunneling through interface resonance states

Although theki dependence of the majority channel co
ductance has at least superficial similarity to that of free e
trons incident on a simple barrier the minority channel co
ductance~Fig. 11! is completely different. The complicate
sharply peaked structure arises from the interplay of inte
cial resonance states, theki dependence of the wave functio
decay in the MgO~including interference effects!, and the
symmetry of the minority Fe Bloch states relative to that
the complex energy bands of MgO.

We have already discussed tunneling interference al
the line ky50 in the two-dimensional Brillouin zone. We
can begin to understand the effects of the interfacial re
nance states by comparing the density of states on the in
facial iron layer with the transmission. These are shown
contour plots for the four MgO layer system in Fig. 12.

The interfacial density of states is quite different from th

of the bulk. It is large in a ring surrounding theḠ point in the
two-dimensional zone. The maximum values occur along
lines kx50 andky50. These maxima correspond to interf
cial resonance states as can be seen from Fig. 13 which
plot of the density of states on each layer for the value oki
corresponding to the peaks in Fig. 12. It can be seen that
states in the vicinity of the peak are strongly localized at
Fe–MgO interface. This is true for both the state at the p
in the interfacial DOS (kx50.299, ky50.000) and the
state at the peak in the transmission (kx50.308, ky
50.018). Minority Fe has only one Bloch state at the Fer
energy in this part of the two-dimensional zone.

It is clear that the interfacial resonance state is import
to the transmission because it yields a huge wave func
amplitude at the interface. It is equally clear however tha
is only part of the story because the transmission is actu
quite low for the value ofki for which the DOS of the inter-
facial resonance is highest. The second major factor de
mining the transmission is the wave function symmetry. F
ure 14 shows the tunneling density of states both at the p
in the interfacial density of states and at the peak in
transmission. There is a large difference in the rate of de
of the TDOS in the two cases. The tunneling DOS at
peak in the interfacial DOS (kx50.299, ky50) decays
rapidly whereas the tunneling DOS only a slight distan
away ~in reciprocal space! decays very slowly. An analysis
of the wave function character shows that the Bloch stat
kx50.299ky50 has nos-character. It can only couple to a
evanescent state in the MgO that decays rapidly. V
slightly out of theky50 plane however, the wave functio
has significants-character and can couple to an evanesc
6-8
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state that decays slowly. The third major factor controlli
the minority transmission is the tunneling interference eff
discussed in Sec. IV C. Since the major interface resona
occur near theky50 line and forkx.0.154 (kxDz.0.59)
the analysis of that subsection shows that theki variation of
the transmission should be modulated by an oscillatory fu
tion that varies with thickness.

E. Conductance for antiparallel alignment

The transmission as a function ofki for antiparallel align-
ment of the moments~Fig. 15! shows a combination of the
features observed in the majority and minority channels.
thinner layers the highest transmission is near the lineky
50 in the two-dimensional zone where there is an interfa
resonance state. As the layers become thicker the hig
transmission occurs closer to the origin of the tw

FIG. 11. Minority conductance for 4, 8, and 12 layers of Mg
05441
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dimensional zone due to the slow decay in the MgO of sta
derived from the Fe majorityD1 band.

Even for the thickest MgO barrier that we investigat
however, the maximum conductance for antiparallel alig
ment did not occur exactly atki50. The reason for this can
be understood from the bottom two panels of Fig. 7 wh
show the tunneling density of states for antiparallel alig
ment andki50. The total band-to-band transmission pro
ability is the same whether calculated for electrons going
to right or right to left. This implies of course, that one mu
have bands of the same symmetry on both sides in orde
electrons to be transmitted. Consider the majority bands
the left-hand side of the lower left panel of Fig. 7. TheD1
electrons readily enter the MgO where they decay slow
with distance as discussed in Sec. IV B. On the right-ha
side of the barrier however these states cannot propa
because there are no minorityD1 propagating states at th
Fermi energy. Therefore they continue to decay within
minority Fe leading to total reflection of theD1 Bloch state.

FIG. 12. Minority density of states~states/hartree! on the inter-
facial Fe layer~left panel! transmission in the minority channe
~right panel!. Units of kx andky are inverse bohr radii.
6-9
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The D5 electrons decay relatively rapidly in the MgO b
they are able to enter the minority iron relatively easily b
cause there are states to receive them. TheD28 electrons
decay extremely rapidly in the MgO as discussed for
cases of majority and minority conductance.

Similarly considering now the lower right panel of Fig.
the minorityD2 state decays as aD28 state within the MgO
and continues to decay within the majority Fe layer beca
there is noD2 state at the Fermi energy in majority Fe. Aga
the D5 electrons decay rapidly but can enter the minority
while the minority FeD28 electrons decay extremely rapidly

F. Thickness dependence of conductance and
magnetoconductance

The conductance of the majority-parallel minority-paral
and of either channel for antiparallel alignment is shown
Fig. 16. The conductance is calculated from Eq.~7! by sum-

FIG. 13. Density of states on each layer for value ofki equal to
that of the peak in minority interfacial density of states~higher
values! and for the value ofki equal to the peak in the transmissio
~lower values!..

FIG. 14. Tunneling density of states at two neighboring poi
in the two-dimensional zone. One point is at the peak in the tra
mission (kx50.308, ky50.018). The other is at the peak in th
interfacial density of states (kx50.299, ky50.000).
05441
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ming the transmission probability over the two-dimension
zone. For all thicknesses the majority conductance ov
whelms the minority or the antiparallel although, for ve
thin barriers, the minority and antiparallel are much clos
than for thicker barriers. This is due to the conductance fr
the interfacial resonance states which is particularly imp
tant for very thin barriers. According to our calculations t
magnetoconductance should increase with thickness with
conductance becoming dominated by the majority chann

V. CONCLUSIONS

We have studied the physical electronic, magnetic, a
transport properties of the Fe(100)uMgO(100)uFe(100) sys-
tem. We find a relatively small transfer of charge betwe
the Fe and the MgO and a large modification of the den

s
s-

FIG. 15. Conductance for antiparallel alignment of the mome
in the electrodes.
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of states near the interface. In the majority channel the Fe
energy DOS is significantly depleted on the Fe interfac
layer. In the minority channel a large peak forms on t
interfacial layer just above the Fermi energy.

In calculating the tunneling conductance we encounte
the following results which we believe to apply rather ge
erally to tunneling in epitaxial systems and to be contrary
the simple barrier model that is typically used to descr
electron tunneling:~1! The symmetry of the Bloch states
the Fermi energy and their relationship to the symmetry
the slowly decaying evanescent states in the barrier laye
crucial to understanding tunneling conductance. Note tha
electrons withki50, these states and their symmetries c
be obtained from ordinary band structure calculations.~2!
There will typically be more than one evanescent state in
barrier layer at the Fermi energy. It is possible even like
that the tunneling conductance will be affected by interf
ence between these states. It is not yet clear to us whe
this interesting prediction can be observed experimenta
~3! Interfacial resonance states can, through their effect
the wave function matching at the interface, significantly e
hance the tunneling probability.

Results that are particular to tunneling through epitax
insulators on Fe~100! include~1! majority channel tunneling
is dominated by the transmission through aD1 state at small
values of transverse crystal momentum.~2! Minority channel
tunneling is smaller and is strongly enhanced for values oki
near interfacial resonance states.~3! Tunneling magnetore
sistance increases with thickness. Conclusions~2! and~3! are
tempered by the caveat that the interfacial resonance s
seem to be very sensitive to the details of the interface.

FIG. 16. Conductance as a function of the number of M
layers.
.
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Insights that may be relevant to the more general prob
of tunneling through nonepitaxial barriers include the obs
vation that the state with the slowest decay rate in the bar
is typically one with significants- or free-electron character
Thus the reason that the tunneling conductance has b
shown to be dominated by majority electrons in those ca
where the spin dependence of the conductance could be
termined by use of a superconducting electrode may sim
be that for most of the magnetic transition metals and th
alloys the majority Fermi energy DOS has more fre
electron ors-like character than the minority which is typ
cally predominantlyd-like. The reason that thed electrons
do not tunnel efficiently is that they have a much high
decay rate in the barrier because of their additional in-pl
oscillations.

An additional general observation is that all other para
eters being equal tunneling rates are higher if there are s
lar or identical states on both sides of the barrier. Thus
tunneling electrons need not only to get through the bar
but there must be a state of the correct symmetry on the o
side to accept them. This may be part of the reason for
commonly observed decrease in the tunneling magnetore
tance with bias. As the bias increases the states on opp
sides of the barrier for parallel alignment differ more.

Note added in proof.We have learned that very rece
XRD studies@H. L. Meyerheim ~private communication!#
indicate that a substochiometric layer of FeO may form
the interface between Fe~100! and MgO. At this point it is
not clear if this is a general feature of this interface or
what extent its existence depends on synthesis conditi
Most of our conclusions would not be affected by this inte
facial layer. The part of our calculations that we expect to
most sensitive to interfacial details are the interfacial re
nance states and the tunneling conductance associated
them.
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