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We present first-principles based calculations of the tunneling conductance and magnetoconductance of
epitaxial Fe(100MgO(100)Fe(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 (&sults:
Tunneling conductance depends strongly on the symmetry of the Bloch states in the electrodes and of the
evanescent states in the barrier lay@y.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 theg3)arrier.
There may be quantum interference between the decaying states in the barrier. This leads to an oscillatory
dependence of the tunneling current knand a damped oscillatory dependence on barrier thickriéss.
Interfacial resonance states can allow particular Bloch states to tunnel efficiently through the barrier. For
Fe(100)MgO(100) Fe(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 Witlsymmetry 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 nuni®er75.70.Cn, 72.15.Gd, 73.40.Gk, 73.4@.
|. INTRODUCTION lated. The results of these calculations are described in Sec.
V.

There is presently great scientific and commercial interest Most previous theories of tunneling conductance and
in spin-dependent tunneling between ferromagnetic elecmagnetoconductance have emphasized the density of states
trodes separated by insulating oxide barriefsMost of the  of the electrodes. The tunneling matrix elements are almost
interest for applications currently centers on systems withalways neglected or treated as inert factors. One of our con-
amorphous aluminum oxide tunneling barriers because of thelusions is that this approach is completely inadequate for
relative ease of growing adherent aluminum oxide withoutunderstanding tunneling. The nature of the states both in the
pinholes. Unfortunately these systems are difficult to characelectrodes and in the barrier layer are extremely important in
terize and model because of the noncrystalline nature of thgetermining the tunneling conductance. Specifically we shall
oxide and th(_a lack of any known epi.taxial relationship be-ghow that the symmetry of both the propagating states in the
tween the oxide and the ferromagnetic electrodes. electrodes and of the evanescent states in the barrier material

Recently Heinrich — etal. have grown  are crucial to determining the tunneling conductance. We

Fe(lOQ_)MgO(lOO)| F_e(l_OO) magnetic tL_mneI junctions by gpayi aiso show that there may be multiple states with com-
depositing MgO epitaxially onto Fe whiskers and then de-

i ther Fe electrod itaxiall i fthe MO plex wave vectors in the insulating barrier and that these may
positing another e electrode epitaxially on top ot the VIgL). |, 4 14 strong interference effects in the tunneling conduc-
They were able to demonstrate tunneling through MgO bar

. ; . ) tance. Interfacial resonance states can also strongly influence
riers that were only 5 atomic layers in thickness. Further- .
pe tunneling conductance.

more their results indicated that the transport through at lead .
the top electrode was primarily ballistic even at room tem- Be_cause of.the d|ffer¢nt. character of.the states at the
perature. Unfortunately they were not able to measure thgerm' energy In the majorIFy and mmqnty ghannels, the
magnetoresistance of this system in their initial experimentsdominant tunneling mechanisms are quite different. In the
In this paper we use first-principles electronic structureM&jority channel the conductance is primarily via Bloch
techniques to calculate the tunneling betweefi.6@ elec- electrons with small transverse momentum. One particular
trodes separated by MgO tunneling barriers. In order to calstate withA; symmetry is able to effectively couple from the
culate the electronic and magnetic properties dMeO|Fe Fe into the MgO and also out of the MgO into the Fe elec-
sandwiches it is necessary to have a reliable physical mod#lode on the other side. In the minority channel the conduc-
for the interface between FA00 and MgO. The structure tance is primarily through interface resonance states espe-
that we used is described in Sec. Il. This model for the physi€ially for thinner layers. As the barrier becomes thicker the
cal structure was then used for calculations of the electronimajority channel conductance for parallel moment alignment
and magnetic structures. These are described in Sec. lltlominates the conductance because of the slow decay of the
Based on the physical electronic and magnetic structures thk; state in the MgO. This leads to a large magnetoresistance
tunneling conductance and magnetoconductance were calctivat increases with barrier thickness.
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‘,/ Q ‘.J ‘J 0 face in which the Fe lattice was expanded in-plane whereas it
seems more appropriate to model this system as having in-
terfaces in which the Fe is at its equilibrium lattice constant
and the MgO layers are contracted in-plane.

‘J We therefore performed a series of full potential LSDA—
DFT calculations using the plane wave pseudopotential
technique'! In these calculations the sandwich structure was

- modeled by a 15 atom/supercell with fi¢@00 Fe layers

Q alternating with five(100) MgO layers. The in-plane lattice
constant was held equal to that calculated for LSDA-DFT
bcc Fe. All atomic coordinates were allowed to relax in the

_ X ) - direction perpendicular to the layers. These calculations

0 ‘J (,J O (,) yielded an Fe—O distance of 2.169 A intermediate between

that predicted by the FLAPW study and that deduced by fits

to LEED data. The spacing of the first two Fe layers was

. . _ found to be about 2% smaller than between the second and

‘J ‘J ‘J ‘J ‘.J third Fe layers. We found only a slight (0.05 A) displace-

, ment of the Mg atoms in the first MgO layer towards the Fe
FIG. 1. Interface for Fe(100MgO. Larger atoms are iron. interface.

Darker atoms above iron atoms represent oxygen. Small light atoms
represent magnesium.

¢ ¢ ¢ ¢

¢ ¢ ¢ ¢

IIl. ELECTRONIC AND MAGNETIC STRUCTURE
IIl. STRUCTURE OF IRON —MAGNESIUM OXIDE

INTERFACE In order to determine the electronic structure within a

framework that could be used to determine the transmission
There have been several studies of the growth of MgO or@nd reflection amplitudes of Bloch waves in Fe incident on
Fe(100°-°and of the interface between the iron and MgO. Itthe MgO layer we used the layer Korringa—Kohn—Rostoker
was found both for iron deposited on MO and for techniqué? which does not require the assumption of an ar-
MgO deposited onto F&00) that F¢100] is parallel to tificial periodicity in the direction perpendicular to the layers.
MgO[110]. Low energy electron diffractiofLEED) studie§ ~ Four (100 layers of MgO were embedded within an Fe
strongly suggest that the Fe atoms sit atop the O atoms whd@00 lattice. The experimental Fe lattice constant 2.866 A,
Fe is deposited onto a clean Mg@00) surface. A diagram was used for the iron lattice. The Fe—O distance was taken to
of the interfacial structure is shown in Fig. 1. Although it be 2.16 A. The MgO lattice constant both in-plane and out-
was difficult to precisely determine the Fe—O separation irof-plane was taken to be a factor g2 larger than that of the
the LEED study a separation of 2.0 A was considered mosfFe. The atomic potentials were represented within the atomic
probable. sphere approximation using sphere radii of 1.022 A and
In addition to the experimental studies of the|MgO 1.427 A for Mg and O, respectively. In addition, to cor-
interface we know of one theoretical stdflyvhich treated a rectly account for the volume of each layer an empty sphere
monolayer and a bilayer of Fe adsorbed on an MgO surfacef radius 0.9476 A was inserted in the interfacial Fe layer
In that study the MgO was modeled as fi&00) layers of just below the Mg atom displaced 0.067 A towards the Mg.
MgO with either one or two layers of Fe placed on both sides The calculation proceeded by calculating the electronic
of the MgO slab. Total energy calculations using the localstructure and Green function for bulk Fe. Then the Green
spin density approximatiofdLSDA) to density functional function was used to embed four MgO monolayers and eight
theory (DFT) implemented within the full-potential linear- additional atomic layers of Féfour on each side of the
ized augmented plane wavELAPW) technique determined MgO) in the bulk Fe. The Fermi energy was maintained
that the Fe atoms preferred to sit atop the O atoms. Thequal to that of the bulk iron as the self-consistent electronic
predicted O—Fe distance was 2.3 A for the monolayer andtructure was calculated for the entire system consisting of
this was assumed not to change for the bilayer. Reconstrudulk iron plus the 12 embedded layers.
tion or rumpling of the MgO layers was apparently not con- The self-consistent calculation allowed for a rearrange-
sidered. The general picture emerging from this study wasnent of charge between the layers. This rearrangement of
that there are only weak interactions between the electronicharge is necessary to correctly offset the bands of the MgO
structures of Fe and MgO. relative to those of Fe and is shown in Fig. 2. Here we have
Our interest is centered on a slightly different structure,counted the approximately 0.5 electrons in the empty sphere
that of only a few MgO atomic layers deposited onto an ironnear the interface as residing on the last Fe layer. We find in
substrate followed by deposition of a relatively thick Fe topgeneral agreement with the FLAPW calculations, that there
electrode. Experimentally, seven atomic layers of MgO caris relatively little charge transfer between the Fe and the
be grown pseudomorphicaflpn Fe(100). For thicker MgO  MgO. The total moment calculated for the iron atoms of the
layers misfit dislocations form to partially relieve the 3.5% interfacial layer was approximately,d which agrees with
compressive in-plane strain that arises due to the larger Mg@he FLAPW calculations cited previousl§.
lattice constant. Thus the previous studies were for an inter- The electronic density of stat¢é®OS) was calculated for
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Charge Redistribution in Fe|MgO|Fe
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Majority DOS on MgO Layers
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FIG. 2. Charge rearrangement in thd MgO| Fe sandwich. The Minority DOS on MgO Layers
redistribution of charge near the interface is necessary to correctly 50 T . . . .
position (in energy the MgO potentials relative to those of the Fe. 45 | ; IF-layer — |
s Interior layer -
each layer and for the majority and minority spin channels. 3 | |
We found that the density of states near the interface wasg 35
quite different from that of the bulk and that this difference £ 30 | ﬁ
was opposite for the two spin channels as is shown in Figs. 3% 25 t
and 4. 2 ool i
Near the interface the majority DOS is strongly reduced ¢ i
. L . . . o) 15 i J
in the vicinity of the Fermi energy whereas for the minority & ‘0 § HA A : g
I B / 7 i
Fe Majority DOS near Interface with MgO I - ; M
80 0 . AT -
70l | 0 o1 02 03 04 05 06
= IF Layer - 2w Energy (Hartrees)
g 60 IF Layer - 1 - | FIG. 4. Density of states for each of the atomic layers of MgO
£ 50 . near an interface with F&00).
& 40 ]
& 30 | spin channel the Fermi energy falls near a sharp peak in the
s DOS. The FLAPW calculations previously cit@dlso show
8 20 : ] a very sharp peak in the minority DOS for the case of a
10 - single Fe layer on MgO. The general result shown here that
0 . . . the majority Fermi energy DOS is reduced near the interface
0.15 0.2 0.95 0.3 0.35 04 and the minority DOS has a large peak just above the Fermi
Energy (Hartree) energy seems to be a common _feature associat_ed with the
o ' interface between F&00 and an insulator or semiconduc-
Fe Minority DOS near Interface with MgO tor. We have observed qualitatively similar effects in calcu-
80 - - - lations of the electronic structure of interfaces of
70 | Fe(100)Ge!® Fe(100jGaAs® Fe(100)jznSel* and
— 15
$ 60| IF Layer - 2 e Fe(100)vacuunn. . .
E IF Layer - 1 e The density of states for the MgO layers in the vicinity of
£ 50 IF Layer the Fermi energyFig. 4) shows a wide gap in the density of
S a0t states especially on the interior MgO layers that appears to
g a0 | be approximately 5.5 eV in width extending from 0.244 har-
Py tree to 0.446 hartree in Fig. 4. We verified the gap position
Q 20 and width by taking the potentials from the layer interior to
10 + the barrier region and repeating them periodically to form a
. . bulk system. The position and width of the gap calculated
%'15 0.2 0.95 0.3 0.35 0.4 this way were identical to those obtained from the DOS of

Energy (Hartree)

FIG. 3. Density of states for each atomic layer of Fa9) near

an interface with MgO. One hartree equals 27.2 eV.

Fig. 4. Similar calculations for semiconductors such as GaAs
(Ref. 13 and zZnSe(Ref. 15 did not show such a well-
defined gap for very thin barrier layers. The calculated gap
width agrees with previous DFT—LDA calculatidfidut is
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r%f”zdsi T (k.. (5)
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Assuming time reversal invariance, we can equBteand

T~. (To apply the time reversal argument rigorously we

should reverse the moment directions as well as the electron

directions. If we ignore spin—orbit coupling howevdr!

FIG. 5. Two electron reservoirs connected by a sample. =T~ for the individual spin channeldhis allows us to
write the net current as

somewhat less than the experimental value of 7.8%eV.
There seems to be a faint “echo” of the peak in the Fe

minority DOS just above the Fermi energy that is visible in |_|+_|__e_2 S Tk .)Ml—ﬂz ®)
the minority DOS of the interfacial MgO layer. There are - “h & i) e
similar faint echos of peaks in the majority Fe DOS that can
be seen in the interfacial MgO DOS near 0.26 and 0.31 har- i
tree. which yields the Landauer conductance formula
IV. TUNNELING CONDUCTANCE e? .
G=1 2 T' (ki) v

We calculated the tunneling conductance by use of a very K.J
simple but general result due to Landdde? which relates
the conductance to the probability of a Bloch electron in one

! . The original Landauer formula has the ratio of transmis-
of the Fe electrodes being transmitted through the MgO barg;,, o shaility divided by reflection probability T(R)
rier layer to the opposite electrode.

.. .where we have only the transmission probability in Eg.
To understand the Landauer conductance formula it ISI"t is now usually accepted that this additional factor d® 14

helpful to consider two reservoirs for electrons connected b . .
ﬁresent or not depending on exactly how the measurement is

a sample as shown in F|g._5. The _sample, N ourcase, Woulge tormed that is, on whether or not one measures current
consist of the MgO tunneling barrier surrounded by the twi

Fe electrodes. If we imagine the left reservoir with chemicaland voltage using the same leads as is assumed in the deri-

otentialu.. 1o be an emitter of riaht aoing electrons. we Canvation here or whether a separate set of probes is used to
PO M1 . ghtgoing ' determine the voltage across the sample. When applied to
write the current density of those electrons that leave th

reservoir on the left and enter the reservoir on the right as?unnelmg, th_e_d|fference between_the two formylas will usu-
ally be negligible because tunneling transmission probabili-
o ties are usually very small and the reflection probabilities are
4 3.+ + + near unity.
J (277)3J ko (K)fo ()T (k), @) We have already describ€chow the primitive transmis-
sion and reflection amplitudes that the layer-KKR technique
where uses to propagate plane waves between layers can be used to
calculate the transmission and reflection amplitudes for
Bloch waves. Briefly, the equations which describe plane
waves reflecting from and being transmitted through the bar-
rier are transformed into a set of equations that describe the
andz is the direction from reservoir 1 to reservoir 2. Per-transmission and reflection of Bloch waves. This set of equa-
forming the integral ovek, yields tions contains both traveling and evanescent solutions of the
Schralinger equation for the crystal. Within the subspace of

THKk)=2, T (kk"), (2)
k/

J+_E D if dk 1 8_sf T+ (K) 3 the traveling Bloch states however, we obtain a unitary scat-
A K] 2 “h ok, ol T terlng matrix. Because the scattering matrix is unlta_ry, cur-
rent is conserved and the same conductance is obtained irre-
which yields an expression for the current spective of which two layers on opposite sides of the barrier
are used to calculate the transmission probability. We con-
L efm . ) sider this to be an important test of the validity of a theory of
' :ﬁf ds% T (k) (4) tunneling and its implementation.

Here the sum overis needed because there will, in general,
be more than one Bloch state for a given valuéafA line

of reasoning similar to the one that led to E4) leads to an The calculated transmission probability as a functiok|of
expression for the current of electrons emitted in the  for the majority spin channel is shown in Fig. 6 for 4, 8, and
direction by the reservoir on the right which enter the reseri12 layers of MgO. We shall discuss the transport in this
voir on the left channel first because the dependence of the transmission

A. Majority transmission probability
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4 MgO Layers Majority cuss below. However the strong concentration of majority

transmission neak =0 and the fact that this region of the
Transmission two-dimensional zone dominates the transmission for simple
model barriers indicates that it is important to understand the

8:82 tunneling in detail fork;=0.
0.05
0.04
0.03 B. Effect of symmetry atk =0
8:8? In order to better understand the conductance we examine
0.6 -0 thetunnelingDOS fork =0 for the individual energy bands.
We define the tunneling density of stat@DOS) to be the
density of electronic states subject to the following boundary
Majority Conductance for 8 MgO Layers conditions: on the left-hand side of the interface there is an
incoming Bloch state with unit flux and the corresponding
Transmission X 104 reflected Bloch states; on the right-hand side are the corre-
25 sponding transmitted Bloch states. Figure 7 shows the TDOS
2.0 associated with each of the #€0 Bloch states having
15 =0.
1.0 The tunneling density of states plots illustrate several
0.5 novel features of tunneling in real systems. Consider first the
0.0 i issue of symmetry. Both the majority and minority channels
0.6 -0.4 g, : =0. have four F€100 Bloch states forky=0. In the majority
' ) channel there is A state, a doubly degeneraig state, and
Majority Conductance for 12 MgO Layers a A, state. The minority channel has four states with the
same symmetries as the states of the majority channel with
Transmission X 107 the crucial exception that the majority; state is replaced by
a A, minority state. This information of course is available
6.0 . . : i
5.0 by simple inspection of a band structure calculation for bulk
4.0 Fe.
3.0 The decay rates for each of the (E@0) Bloch states
2.0 within the MgO can be determined by inspection of a band
(1)-8 structure plot as is illustrated in Fig. 8. In this figuké(E)
0.6 along the[100] (A) direction is plotted for energies in the

vicinity of the gap for bulk MgO. In this cas&? was calcu-
lated using the LKKR code with the potentials for bulk MgO

FIG. 6. Majority conductance for 4, 8, and 12 layers of MgO. taken from a center layer of the Fe(1{(}gO(100)Fe(100)
Units for k, andk, are inverse bohr radii. sandwich in order to correctly place the Fermi energy within

the gap but any calculation for the band structure of bulk

probability onk; is easier to understand for the majority MgO would suffice for obtaining aqualiztative under.standing
channel than for the minority channel or for antiparallel mo-©f the decay rates. Figure 8 showeA(z)“ whereAz is the
ment alignment. mterplanar spacing for Mg@O01) andk is in the (001 dll-

Because of the two-dimensional periodicity, the crystalréction. The figure showsk@z)? for the three symmetries
momentum parallel to the layers is conserved. For the mald1, As, and Az/). For each symmetry we plot only the
jority channel the conductance has a rather broad peak ceROMPplex band with the smallest values|kf| in the vicinity
tered atkj=0. A somewhat similar peak is predicted for the Of the Fermi energy. The nearest complex band with symme-
tunneling of free electrons through a simple square bafier. ity A, would cross the Fermi energy with a value of
The conductance observed here however differs significantly” (kA2)® of approximately 31.5. The energy range for which
as is shown in Fig. 9 which shows the transmission probabilall values ofk® are less than zero is the energy gap. The
ity as a function ofk, for k,=0. The oscillations in trans- rémaining symmetry in theo01) direction,A,, whichis not
mission as a function df; will be discussed later. represented in Fe or MgO near the Fermi energy has a mini-

One important feature that is clear from comparing themum angular momentum ¢4 and presumably only yields
three panels of Fig. 6 is the increasing concentration of thé real band at very high energy. It would correspond to a
transmission in the region nelar=0 as the insulating barrier State that decays extremely rapidly. _ _
layer is made thicker. This general feature would be expected It can be seen that the slowest decay rate is for states with
from the simple model of a free electron incident on a squaréd1 symmetry which are predicted to decay at the rate
barrier of heightv,, and thicknessl for which the transmis- exp(-2xAz) where kAz= /- (ky AZ)°~1.47. Band states
sion probability contains a factor expRdx) where x>  in MgO with A; symmetry occur at both the bottom and the
=(2m/%2)(Vp— EF)+kﬁ. In real systems the variation of top of the energy gap\; states transform like linear combi-
the transmission is much more complicated as we shall disaations of functions with &, and 22— x?—y? symmetry.
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Majority Density of States for Fe|MgO|Fe Minority Density of States for Fe|[MgO|Fe
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FIG. 7. Tunneling DOS fokj=0 for Fe(100)8MgO|Fe(100). The four panels show the tunneling DOS for majofityper lefy
minority (upper righj, and antiparallel alignment of the moments in the two electrdideger 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 in the left
Fe electrode.

The next slowest decay rate is for states withsymmetry. X point (kAz= 7); thus has been subtracted froka z for

There is a high mas&s band at the top of the valence band. the A,, state for the purposes of plotting the decay rates in

These states are doubly degenerate and transform like linegig. 8.

combinations of functions witlzx and zy symmetry. The Majority Bloch states withA; symmetry in the Fe elec-

A, state becomes a band state about 2.7 eV above the batodes decay as evanescent states witlsymmetry in MgO.

tom of the conduction band. However, it becomes real at th&imijlarly A Bloch states which occur for both majority and
minority Fg100) decay as evanescent states with the same

K at k=0 for MgO (100) symmetry in the MgO. The,, Bloch states which havey
ol ' ' ' ' ' ' symmetry and which occur in both the majority and minority
5L E, Er E, ) Fe&(100) channels however, decay As states in the MgO.
Similarly, the A,, states y2—z? symmetry decay asA,
0 n states in the MgO. The reason for this is not a mysterious
r

change in the symmetry of the wave functions but is due to

the fact that the MgO cubic cell is rotated by/4 with re-

4r A ] spect to that of the Fe, thus states witly’ symmetry in Fe

ol As | havex?—y? symmetry in MgO wherex,y) and x’,y’) are
related by amr/4 rotation.

The results of these symmetries can be seen in Fig. 7.
Consider first the upper panels which show the tunneling
DOS for the two spin channels for parallel alignment of the

FIG. 8. Dispersiork(E) for MgO in the vicinity of the gap Mmoments in the two electrodes. Only the majority channel
along A (100. Negative values ok? determine the exponential has the slowly decaying\; state. Thus its conductance is

decay rates for various Bloch stat&s, is top of valence bands, ~ much higher than that of the minority channel. The next
is the bottom of the conduction band. slowest decay is that of th&g states which are present in

(kaz)®
o

-8 L ! n L L L
02 025 03 03 04 045 05 055

Energy (Hartrees)
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both channels. Both majority and minority Fe channels have k| Dependence of Transmission Probability
a A,/ state that couples to A, state in the MgO where it : : , , :
decays very rapidly because there ardnea) A, bands near 102 '
the Fermi energy. Finally there is a minority Be state that
couples to &\, state in the MgO and then decays faster than

104 ]

the A5 state but not so fast as the, state. The decay rates §
for all of the states are given precisely by the complex en-3 106 i
i £
ergy bands of Fig. 8. 5 Simple Barrier
e .. 2 o ‘~.\
In the vicinity of the gagk= can be represented by E 108 | 8 MgO layers |

1 ﬁ2 ﬁ2 10_10 e, )

= + ; tS)
K(E) 2m}(E-E,) 2mi(E.—E)
10-12 | 1 1 1 1
whereE, and E, are the top of the valence band and the 0 0.1 0.2 0.3 0.4 0.5
bottom of the conduction band, respectively, for theband. k, (1/a.u.)

m. and m, are the effective masses for these states at the o o ” )

band edges. For thas bandE, is the top of the valence FIG. 9. Majority transmission probability as a functionigffor
band ancE, is the energy of d';5 state about 15 eV above ky=0 for 4 _and 8 layers of MgO. The curves end before the zone
the top of the conduction band. For the band Eq(8) is in boundary is lreached because there are no state_s kfor
almost exact agreement with the calculated complex energg?o'SS.(a.'u'y ' St)mg(;:h ;;urveé SE?OW the expected behavior of the
band if we usem*/m=0.3782 for both the conduction and oo o> 0N Probabiity from a9).

the valence band. Th&s band is only given approximately )

by Eq.(8); however it can be rendered accurately by includ-For larger values ok, the calculated decrease is much
ing second order terms i—E, andE,—E in the denomi- slower than predicted by the -standgrd theory.. In fact it ap-
nators. Thus it should be possible to estimate the decay rat@§ars that thé dependence is oscillatory as if there were

for spin-dependent tunneling from the band structure of thévave interference within the barrier.
barrier material(An alternative to plottingc?(E) in the vi- The oscillations in the transmission that occur as a func-

cinity of the gap edges would be to fit the bands in thetion of k; result from the complex band structure of MgO in
vicinity of the gap with a model Hamiltonian that yields an the energy gap. The complex valueslofat the Fermi en-
analytic expression for the bands in the vicinity of the gap€'dy are plotted as a function kf in Fig. 10. The two states
and then solving the resulting secular equationKoras a  Shown have the lowest value of the imaginary parkpand
function of E). The use of a band structure determined ex-aré therefore the most important for determining the trans-
perimentally, for example, from photoemiss®nshould ~ Mission probability. The states are plotted as a functiok of

lead to accurate decay rates within insulating barriers. alongT to X. At k,=0 the two states shown are thg and
one of theAg states. Ak, increases from zero their real part
C. Interference of tunneling states increases linearly from zero and is the same for both states.

It is generally believed that the simple barrier model is

appropriate for describing the tunneling of electrons through 3 r ' ' ' e
insulating barriers. In the preceding section we showed con-
trary to that model, that states with different symmetry decay 2.5 r ]
at different rates as they tunnel through the barrier. In this
section we address the variation of the tunneling current with 2t 1
k; and show that the barrier model fails for this aspect of y oAl
tunneling as well. Figure 6 gives an overall representation of* 1.5 1
the majority tunneling current throughout the two- }mﬂ ------------ =R =
dimensional Brillouin zone. However, additional detail and 1r E ]
structure can be seen if the transmission is presented on L
logarithmic scale as is shown in Fig. 9. 05 r ]
According to the theory for tunneling through a simple
barrier the transmission should vary wikh as exp¢2dx) 0 ' ' :
whered is the thickness of the barrier andis given by° 0 05 1k - 1.5 2
X'
2= * (E,—E)+ kﬁZ Kng kﬁ' (9) FIG. 10. Real and imaginary parts lof plotted as a function of

%2 k, for MgO. The two values ok, with the smallest imaginary parts
are shown. Plus symbo(squaresdenote values of the reéimagi-

A comparison of this result with the calculated transmissiomary) part ofk, calculated with the layer KKR code. The solid line

is shown in Fig. 9. It can be seen that the initial decrease iand dotted lines are the real and imaginary parts, respectively, of

much faster than would be expected by the standard theoryhe fit to complexk, described in the text.
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At k,Az~0.59 the imaginary parts become equal and thevherez=e’. Each of these equations has two roofs=r
real parts bifurcate. Afterwards the imaginary part remains+ \f2—1, zy=r*+/(r*)?—1. Because z; 2, =7, Z,
approximately constant. The real partskohz are equal to =1 we know that only two of these roots will represent
m and O at the zone boundary which occurs kg\z  decaying waves. Thus |i; |<1 it follows that the two de-
=7/\2. The smooth curves which provide a good fit to thecaying roots,z; andz, , have equal modulufz; |=|z; |.

complex values ok are the given by the formula Thus, the imaginary parts df, for these two solutions will
be equal. This would lead to the observed interference effect.
— O Note that this doesot explain why the imaginary part of
_ —_ " + / _ . . z
0:~160 \/§_a (= M (bt £), (10 is almost independent df, .

where 6,=k,Az and 6,=k,Az. The constant$,, a, 7, and D. Tunneling through interface resonance states

. . . A Asy .
& are determined in the following wayi,=(6,*+ 6,°) is Although thek; dependence of the majority channel con-

the average of the two imaginary roots féf=0. » is the  ductance has at least superficial similarity to that of free elec-
value of §, for which the curves in Fig. 10 bifurcate.andé  trons incident on a simple barrier the minority channel con-
are determined by the difference of the two imaginary rootsluctance(Fig. 11) is completely different. The complicated
at 6,=0 and by the requirement that,== or O at 6§,  sharply peaked structure arises from the interplay of interfa-
=7l2. cial resonance states, tkedependence of the wave function
The behavior of the complex values kf shown in Fig. decay in the MgQO(including interference effectsand the

10 leads to the interesting interference effects shown in Figsymmetry of the minority Fe Bloch states relative to that of
9. Fork,Az less than 0.59 the transmission is predicted tothe complex energy bands of MgO.

decay ag|? where y=exp(k,d)+exp(k,d) wherek, and We have already discussed tunneling interference along
k, represent the two complek,-dependent values df,. the line k,=0 in the two-dimensional Brillouin zone. We

Thus fork,Az<0.59 a.u., can begin to understand the effects of the interfacial reso-

nance states by comparing the density of states on the inter-

|p|?=e 2x194 @ 2r2d4 D@~ xadx2d (1)  facial iron layer with the transmission. These are shown as

contour plots for the four MgO layer system in Fig. 12.

where ky(2)=Im[ky5)(k]. Thus fork,Az<0.59 a.u. the The interfacial density of states is quite different from that

decay of the transmission follows a sum of exponentials law ) ) ) ) .
as a function of thickness and decreases much fasterkyith of the bulk. Itis large in a ring surrounding tiiepoint in the
than would be expected from E€). On the other hand, for two-dimensional zone. The maximum values occur along the

k,Az>0.59 a.u. the imaginary parts kf andk, are equal Iines ky=0 andk,=0. These maxima corresp(_)nd to intgrfa_—
so that cial resonance states as can be seen from Fig. 13 which is a

plot of the density of states on each layer for the valugof
||2= 22041 + cog k! (k,) —kh(ky)1d}, (12 corresponding to the peaks in Fig. 12. It can be seen that the
states in the vicinity of the peak are strongly localized at the
wherek] andk}, are the real parts of the two values lof. Fe—MgO interface. This is true for both the state at the peak
Thus the transmission is a damped oscillatory function oin the interfacial DOS K,=0.299, k,=0.000) and the
thickness and is a purely oscillatory functionlgfsincex is ~ state at the peak in the transmissiok,+0.308, k,
essentially independent &, for k,Az>0.59 a.u. =0.018). Minority Fe has only one Bloch state at the Fermi
We find it interesting that only a few layers of MgO seem energy in this part of the two-dimensional zone.
to be sufficient that the complex energy bands of bulk MgO It is clear that the interfacial resonance state is important
determine the decay of the states in the barrier and determirte the transmission because it yields a huge wave function
the dependence of the transmissionkpn It is also interest- amplitude at the interface. It is equally clear however that it
ing that in this particular case, the transmission as a functiois only part of the story because the transmission is actually
of k| switches discretely between an exponential and an osjuite low for the value ok for which the DOS of the inter-
cillatory form. We have seen similar oscillatory behavior for facial resonance is highest. The second major factor deter-
transmission through ZnSe tunneling barriers so we suspeatining the transmission is the wave function symmetry. Fig-
that this may be a general feature of tunneling through realire 14 shows the tunneling density of states both at the peak
materials. in the interfacial density of states and at the peak in the
This type of behavior can arise in the following way. If transmission. There is a large difference in the rate of decay
the dispersion relation in the vicinity of the gap is describedof the TDOS in the two cases. The tunneling DOS at the
within a tight binding model we expect that it can be ex-peak in the interfacial DOSk(=0.299, k,=0) decays
pressed as a polynomial in c@g(with real coefficients that rapidly whereas the tunneling DOS only a slight distance
depend ond,. The roots of this polynomial must be either away (in reciprocal spadedecays very slowly. An analysis
real or they must occur as pairs that are complex conjugatesf the wave function character shows that the Bloch state at
If the roots with the smallest imaginary part are complexk,=0.29%,=0 has nos-character. It can only couple to an

conjugates,r* then the values ob, can be found from evanescent state in the MgO that decays rapidly. Very
slightly out of thek,=0 plane however, the wave function
722—2rz+1=0, Zz>-2r*z+1=0, (13 has significans-character and can couple to an evanescent
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Minority Conductance for 4 MgO Layers 200 —

Transmission

0.035
0.03
0.025
0.02
0.015
0.01
0.005

Minority Conductance for 8 MgO Layers LAy
-0.4-0.20 0.

0.4

Transmission X 107 Kk
i X
2.5
2.0 0.1 ——
15 0.01
10 0.001
0.5 0140.6

Minority Conductance for 12 MgO Layers

Transmission X 1011

-0.4-0.20 0.204
K

X

FIG. 12. Minority density of statettates/hartréeon the inter-
facial Fe layer(left pane) transmission in the minority channel
(right pane). Units of k, andk, are inverse bohr radii.

FIG. 11. Minority conductance for 4, 8, and 12 layers of MgO. gimensional zone due to the slow decay in the MgO of states
derived from the Fe majoritA, band.

state that decays slowly. The third major factor controlling Even for the thickest MgO barrier that we investigated
the minority transmission is the tunneling interference effechowever, the maximum conductance for antiparallel align-
discussed in Sec. IV C. Since the major interface resonancesent did not occur exactly &;=0. The reason for this can
occur near the&k,=0 line and fork,>0.154 k,Az>0.59) be understood from the bottom two panels of Fig. 7 which
the analysis of that subsection shows thatkpeariation of  show the tunneling density of states for antiparallel align-
the transmission should be modulated by an oscillatory funcment andk =0. The total band-to-band transmission prob-
tion that varies with thickness. ability is the same whether calculated for electrons going left
to right or right to left. This implies of course, that one must
have bands of the same symmetry on both sides in order for
electrons to be transmitted. Consider the majority bands on

The transmission as a function lof for antiparallel align-  the left-hand side of the lower left panel of Fig. 7. The
ment of the momentéFig. 15 shows a combination of the electrons readily enter the MgO where they decay slowly
features observed in the majority and minority channels. Fowith distance as discussed in Sec. IV B. On the right-hand
thinner layers the highest transmission is near the kpe side of the barrier however these states cannot propagate
=0 in the two-dimensional zone where there is an interfaciabecause there are no minorify; propagating states at the
resonance state. As the layers become thicker the higheBermi energy. Therefore they continue to decay within the
transmission occurs closer to the origin of the two-minority Fe leading to total reflection of th; Bloch state.

E. Conductance for antiparallel alignment

054416-9
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DOS near Interfacial Resonance ming the transmission probability over the two-dimensional

250 . " . . . . . . zone. For all thicknesses the majority conductance over-
Peak in IF DOS whelms the minority or the antiparallel although, for very
= 200 } thin barriers, the minority and antiparallel are much closer
0] than for thicker barriers. This is due to the conductance from
E 150 | MgO the interfacial resonance states v_vhich is particularl_y impor-
b tant for very thin barriers. According to our calculations the
2 magnetoconductance should increase with thickness with the
& 100 | conductance becoming dominated by the majority channel.
3
o 50 X
¥ " Peak in T V. CONCLUSIONS
0 : ' We have studied the physical electronic, magnetic, and
2 3 4 5 6 7 8 9 10 11

transport properties of the Fe(10MgO(100)Fe(100) sys-
tem. We find a relatively small transfer of charge between
the Fe and the MgO and a large modification of the density

Layer Number

FIG. 13. Density of states on each layer for valu&péqual to
that of the peak in minority interfacial density of statésgher
values and for the value ok equal to the peak in the transmission
(lower values..

4 MgO Layers Anti-Parallel Alignment

Transmission

The A electrons decay relatively rapidly in the MgO but
they are able to enter the minority iron relatively easily be-
cause there are states to receive them. Ahe electrons
decay extremely rapidly in the MgO as discussed for the
cases of majority and minority conductance.

Similarly considering now the lower right panel of Fig. 7,
the minority A, state decays as&,, state within the MgO
and continues to decay within the majority Fe layer because
there is N\, state at the Fermi energy in majority Fe. Again
the A electrons decay rapidly but can enter the minority Fe
while the minority FeA,, electrons decay extremely rapidly.

Anti-Parallel Conductance for 8 MgO Layers

F. Thickness dependence of conductance and Transmission X 107

magnetoconductance

The conductance of the majority-parallel minority-parallel
and of either channel for antiparallel alignment is shown in
Fig. 16. The conductance is calculated from Ef).by sum-

Tunneling DOS near Maximum of IF state

104 . . . . .
102 L At PeakinT |
3 )‘\,‘_‘)\
E Tr x
< 2
g 10 B MgO T
I 104 | Fe Fe ]
2
[75] -6 | 4
8 10 At|Peak in IF DOS
108 ¢ "—M\
10-10 . . . . . F
2 4 6 8 10 12

Layer Number

FIG. 14. Tunneling density of states at two neighboring points
in the two-dimensional zone. One point is at the peak in the trans
mission k,=0.308, k,=0.018). The other is at the peak in the
interfacial density of statesk(=0.299, k,=0.000).

5.0
4.0
3.0

Anti-Parallel Conductance for 12 MgO Layers

Transmission X 1010
8.0
6.0
4.0
2.0

FIG. 15. Conductance for antiparallel alignment of the moments
in the electrodes.
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Insights that may be relevant to the more general problem
of tunneling through nonepitaxial barriers include the obser-
vation that the state with the slowest decay rate in the barrier
is typically one with significans- or free-electron character.

10-1 . Anti-Parallel --X%-- .

102 ) Thus the reason that the tunneling conductance has been
shown to be dominated by majority electrons in those cases

10 where the spin dependence of the conductance could be de-

104 termined by use of a superconducting electrode may simply

10 - be that for most of the magnetic transition metals and their

106
107
108
10°¢

5 6 7 8 9 10 11 12
Number of MgO Layers

alloys the majority Fermi energy DOS has more free-
electron ors-like character than the minority which is typi-
cally predominantlyd-like. The reason that thd electrons

do not tunnel efficiently is that they have a much higher
decay rate in the barrier because of their additional in-plane
oscillations.

An additional general observation is that all other param-

FIG. 16. Conductance as a function of the number of MgOeters being equal tunneling rates are higher if there are simi-
layers. lar or identical states on both sides of the barrier. Thus the
tunneling electrons need not only to get through the barrier

of states near the interface. In the majority channel the FernfiUt there must be a state of the correct symmetry on the other

energy DOS is significantly depleted on the Fe interfacialSid® t0 accept them. This may be part of the reason for the

layer. In the minority channel a large peak forms on thecOmmonly observed decrease in the tunneling magnetoresis-

interfacial layer just above the Fermi energy. tance with bias. As the bias increases the states on opposite

In calculating the tunneling conductance we encounteredides of the barrler for parallel alignment differ more.
the following results which we believe to apply rather gen- Note added in proofe have Igarned that very Fece”t
erally to tunneling in epitaxial systems and to be contrary to_XR_D studies[H. L. Mey_erhelm_ (private_communicatioy]
the simple barrier model that is typically used to describdndicate that a substochiometric layer of FeO may form at
electron tunneling(1) The symmetry of the Bloch states at the mterfape petyveen FE00 and MgO. At .th|_s point it is
the Fermi energy and their relationship to the symmetry oftot clear if this is a general feature of this interface or to

the slowly decaying evanescent states in the barrier layer a}énat extent its existence depends on synthesis conditions.

crucial to understanding tunneling conductance. Note that fo)10St Of our conclusions would not be affected by this inter-
acial layer. The part of our calculations that we expect to be

electrons withk =0, these states and their symmetries ca . . . ; X -
most sensitive to interfacial details are the interfacial reso-

be obtained from ordinary band structure calculatiois. 4 th i q ated with
There will typically be more than one evanescent state in th8aNCce states and the tunneling conductance associated wit

barrier layer at the Fermi energy. It is possible even Iikely,them'
that the tunneling conductance will be affected by interfer-
ence between these states. It is not yet clear to us whether
this interesting prediction can be observed experimentally. Work at Oak Ridge was sponsored by the Defense Ad-
(3) Interfacial resonance states can, through their effect omanced Research Projects Agency and by the Office of Basic
the wave function matching at the interface, significantly ennergy Sciences Division of Materials Sciences of the U.S.
hance the tunneling probability. Department of Energy. Oak Ridge National Laboratory is
Results that are particular to tunneling through epitaxialoperated by UT-Battelle LLC for the U.S. Department of
insulators on FEO0) include (1) majority channel tunneling Energy under Contract No. DE-AC05-000R22725. J.M.M.
is dominated by the transmission throughA astate at small acknowledges support from the Oak Ridge Institute for Sci-
values of transverse crystal momentu®). Minority channel  ence and Education and DARPA Grant No. MDA 972-97-1-
tunneling is smaller and is strongly enhanced for valugg of 003. Helpful conversations with P. Dederichs concerning
near interfacial resonance stat¢3) Tunneling magnetore- complex energy bands, with M. Weinert concerning surface
sistance increases with thickness. Conclusi@and(3) are  states, and with C.-L. Fu concerning the Fe—MgO interface
tempered by the caveat that the interfacial resonance statege gratefully acknowledged. We also thank D. M. Teter for
seem to be very sensitive to the details of the interface.  checking the VASP calculations of the Fe—MgO interface.
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