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-Fe�001�/Mg/MgO/Fe- and -Fe�001�/Mg/MgO/Mg/Fe- magnetic tunnel junctions �MTJs� with Mg inter-
layers are studied by first-principles calculations. We find that the Mg interlayer is able to preserve the
preferential transmission of the majority-spin states with �1 symmetry, which dominates the spin-dependent
electron transport in MTJs with MgO barrier. A monoatomic layer of Mg at the electrode/barrier interface does
not decrease the tunneling magnetoresistance �TMR� ratio nearly as much as a similar layer of iron oxide. We
also find that at a certain Mg thickness the TMR is strongly influenced by resonant tunneling in the minority-
spin channel. These resonances are due to the coupling between the quantum-well states within the Mg
interlayer to the interfacial resonance states on the Fe/Mg interface. The calculated results are used to explain
experimental measurements of MTJs with Mg interlayers.
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I. INTRODUCTION

Since the theoretical prediction1,2 and the subsequent ex-
perimental observation3,4 of giant tunneling magnetoresis-
tance �TMR� effect in magnetic tunnel junctions �MTJs� with
single-crystalline MgO�001� barrier, such MTJs have found
wide applications in spin-electronics devices including read
heads in hard disk drives, magnetic random access memo-
ries, and magnetic sensors and logics. Extensive studies have
been made to improve the junction quality as well as the
TMR ratio, i.e., by optimizing the material, structure, and the
growth condition of the MTJs.5–8 These efforts have led to
recent records of room-temperature TMR of 604% for
single-barrier MTJs �Ref. 9� and 1056% for double-barrier
MTJs.10

One of the experimental techniques already widely
adopted for making high-quality MgO-based MTJs is to de-
posit an ultrathin Mg layer on top of the bottom ferromag-
netic electrode layer prior to the deposition of MgO11–17 or to
insert a Mg interlayer at each electrode/barrier interface of
the junction.18 The advantages of inserting Mg interlayers
include �1� the slightly but not fully oxidized Mg layer yields
a low-resistance-area product of the junction while maintain-
ing a high TMR ratio at the same time.11 �2� It can also serve
as a crystalline seed so that the texture of the subsequently
deposited MgO�001� barrier as well as the junction interface
can be much improved.11,12,16,17 �3� Possible oxidation of the
electrode at the junction interface can be avoided,13–16 which,
in turn, improves the TMR ratio since the formation of FeO
on the interface greatly reduces the TMR.19–24 There is ex-
perimental evidence that the spin symmetry of the bulk Fe
Bloch states may be maintained well into a Mg interlayer as
thick as 10 Å.12 The measured TMR strongly depends on the
Mg thickness, and the maximum usually occurs at the nomi-
nal Mg thickness of 2–4 Å.12,13,16

The reason for the very high TMR in the MgO-based
MTJs is understood to be the spin symmetry filtering effect
of the MgO�001� barrier which preferentially transmits the

majority-spin �1 electrons.1 How the insertion of a Mg in-
terlayer on the Fe/MgO interface affects the spin symmetry
filtering effect cannot be studied by experiments alone. Pre-
viously, first-principles calculations have been applied to
study the role of interface oxide layer,19–24 amorphous Fe
interlayer,25,26 as well as other interlayers of Co,27,28 V,29

Cr,28 and Ag.30 Similarly, here first-principles calculation is
also a critical step in understanding the role of Mg interlayer
in these experiments.

In this paper, we report a first-principles study of the elec-
tronic structure and transport properties of both asymmetric
-Fe�001�/Mg/MgO/Fe- and symmetric -Fe�001�/Mg/MgO/
Mg/Fe- MTJs. We assume a body-centered tetragonal crys-
talline structure of Mg which can be matched epitaxially
with the Fe�001� electrode as well as the MgO�001� barrier.
We show that except for the majority-spin states with �1
symmetry, all other bulk Bloch states from the Fe electrode
decay exponentially in the Mg interlayer. Thus, the Mg in-
terlayer does not simply prevent the interface oxidation or
improves the texture of subsequently deposited MgO�001�. It
also preserves the preferential transmission of the majority-
spin �1 electrons which is the reason for high TMR ratio in
MgO-based MTJs. For Mg interlayer with thickness of 2 ML
the TMR is strongly influenced by resonant tunneling due to
the quantum-well states �QWS� within the Mg interlayers.
These sp-like QWS are effectively coupled to the interfacial
resonant states �IRS� on the Fe/Mg interface and have a large
contribution to the minority-spin transport. The calculation
results are used to explain quite a number of recent experi-
ments using Mg as interlayer.11–18

The rest of the paper is organized as follows. In Sec. II we
describe the detailed junction structures, interfaces, and the
computational methodology for both interface-structure re-
laxation and tunneling transport calculations. In Sec. III we
report the spin-dependent transport properties with the main
focus on the majority-spin transport in the Mg interlayer. In
Sec. IV the Mg thickness dependence of the junction resis-
tance and the TMR are presented and are compared with
experiments. The resonant tunneling effect in minority-spin
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channel due to coupling of interfacial resonance states and
quantum-well states are discussed in Sec. V. In Sec. VI we
present the conclusion.

II. INTERFACE STRUCTURES AND COMPUTATIONAL
APPROACH

In the asymmetric -Fe/Mg/MgO/Fe- junction there are
two different interfaces. For the top interface of Fe/MgO, we
use the same structure as in Ref. 1. For the bottom Fe/Mg/
MgO interface we assume that the Mg interlayer with a few
�0–5� ML thickness has the same bcc structure �with a tetrag-
onal distortion, see below� of the Fe�001� electrode and that
the Mg sites are on top of the O atoms at the Mg/MgO
interface. Thicker interlayer of Mg may introduce large lat-
tice disorder in experiments which will not be discussed in
this paper. The �001� in-plane Mg lattice is fixed at the bulk
Fe �electrodes� lattice constant of 2.866 Å, and the MgO
lattice constant in the same plane is taken to be a factor of �2
larger than that of the Fe. Thus all layers in the junction are
matched epitaxially. The out-of-plane MgO lattice �along the
�001� axis� is set as 2.21 Å which is taken from experiment.4

Plane-wave pseudopotential code of the QUANTUM-

ESPRESSO distribution31 is used to optimize the interlayer dis-
tances of Fe-Mg, Mg-Mg, and Mg-MgO. The Fe�001�/Mg/
MgO interface structure is modeled by a 21-atom supercell
with six �001� Fe layers, three �001� Mg layer, and six �001�
MgO layers. The in-plane lattice constant is fixed while all
atomic coordinates are allowed to relax in the direction per-
pendicular to the layers. Perdew-Wang �PW-91� �Ref. 32�
generalized gradient approximation exchange-correlation
density functionals are used with an energy cutoff of 700 eV
and a 9�9�1 Monkhorst-Pack grid,33 and Vanderbilt ultra-
soft pseudopotentials34 have been employed. Optimization
proceeds until the �001�-axis component of the force on each
atom is lower than 0.05 eV /Å. Relaxation calculation yields
a layer spacing of 1.837 Å for Fe-Mg distance and 2.943 Å
for Mg-MgO distance. The Mg-Mg spacing is taken to be the
average of two Mg-Mg spacings �2.589 and 2.550 Å� which
yields 2.570 Å and is set to be independent of the Mg inter-
layer thickness in subsequent transport calculations.

The electronic structure and transport calculations for the
junction are carried out using the layer Korringa-Kohn-
Rostoker �Layer-KKR� implementation35 of density-
functional theory and local spin-density approximation,
where the junction is divided into three parts: two semi-
infinite bcc Fe�001� electrodes and a center region as illus-
trated in Fig. 1 produced by the XCRYSDEN �Ref. 36� graphi-
cal package. The application of the Layer-KKR method to
MgO-based MTJs is in a similar manner as in the past
works.1,19,37,27

For the atomic sphere approximation, the size of the Fe
atomic spheres is the same as in Refs. 1, 27, and 37. The
spheres for Mg and O are enlarged proportionally in order to
correctly account for the volume of each layer due to the
increased out-of-plane lattice spacing of MgO. An empty
sphere of radii 1.668 Å�0.875 Å� is inserted in the interfa-
cial Mg �Fe� layer just beside the Mg atom of adjacent MgO
layer displaced 0.067 Å toward the MgO. Additional empty

spheres of radii 1.570 Å are placed in other Mg layers when
the Mg interlayer thickness is larger than 1 ML. The angular-
momentum cutoff is l=3. The self-consistent calculation is
performed in the same manner as in Refs. 1, 27, and 37.
Once the electronic structure is converged, the tunneling
conductance is calculated using the Landauer-Büttiker con-
ductance formalism implemented within the first-principles
Layer-KKR framework.35 The imaginary part of the energy
for the transport calculation is 2.7�10−6 eV.

III. SPIN-DEPENDENT TRANSPORT

The calculated transmission probability of -Fe/Mg/MgO/
Fe- as a function of k��kx ,ky� with 1024�1024 k� points in
the two-dimensional Brillouin zone �2DBZ� is shown in Fig.
2 for different spin channels. The majority-spin to majority-
spin conductance is dominated by a broad peak centered at
k� =0, similar to the cases of -Fe/MgO/Fe- and -Fe/Co/MgO/
Co/Fe- MTJs.1,27 Majority �1 states are identified to be the
primary source of the peak and tunneling �1 states far away
from the center of the 2DBZ decay faster than those close to
the center.1,38 In the other configurations, the conductances
are characterized by sharp peaks close to the center of the
2DBZ, especially for the minority-spin channel in the anti-
parallel �AP� configuration. Similar so-called hot spots have
been associated with resonant tunneling due to IRS in vari-
ous junctions.1,27,39 The resonant tunneling hot spots are off

FIG. 1. �Color online� Atomic structure of the center region in
the -Fe/Mg/MgO/Fe- system with eight atomic layers of MgO�001�
barrier and two atomic layers of Mg�001� interlayer.

FIG. 2. �Color online� Transmission probability as a function of
k� in 2DBZ for -Fe/Mg�1 ML�/MgO/Fe- at the Fermi energy. The
four panels show the transmission for majority-spin �upper left� and
minority-spin �upper right� in the parallel configuration, as well as
majority-spin to minority-spin �lower left� and minority-spin to
majority-spin �lower right� in the antiparallel configuration.
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the axes kx=0 and ky =0 in the 2DBZ. This is because the
Bloch states along these lines do not have s character and
they can only couple to evanescent states in the MgO layer
that decay rapidly. On the other hand, the states slightly away
from the axes can couple to the evanescent states in the MgO
layer that decay more slowly.

Summing the transmission probability over the entire
2DBZ with 1024�1024 k� points in Fig. 2, we find the
tunneling conductivity of -Fe/Mg/MgO/Fe- for each spin
channel, as is shown in Table I. GP

↑↑, GP
↓↓, GAP

↑↓ , and GAP
↓↑ are

the majority and minority spin channels for parallel �P� con-
figuration, majority-to-minority and minority-to-majority
spin channels for antiparallel configuration, respectively. The
junction conductivities of the parallel and antiparallel con-
figurations are summed from two spin-dependent channels as
GP=GP

↑↑+GP
↓↓ and GAP=GAP

↑↓ +GAP
↓↑ . The TMR ratio is de-

fined as

TMR =
RAP − RP

RP
=

GP − GAP

GAP
� 100%, RAP � RP, �1�

TMR =
RAP − RP

RAP
=

GP − GAP

GP
� 100%, RAP � RP, �2�

where the RAP and RP are the junction resistance for P and
AP configurations, respectively. For some cases due to the
dominant contribution from resonant tunneling to the AP
conductance, the TMR becomes negative. These results will
be discussed in Sec. IV. The results of junctions -Fe/MgO/
Fe- with perfect interface and -Fe/FeO/MgO/Fe- with 1 ML
interface oxidation FeO layer are also presented in Table I
for comparison. The FeO/MgO interface structure of -Fe/
FeO/MgO/Fe- is the same as a previous study19 of the inter-
face oxidation for -Fe/MgO/Fe-.

As shown in Table I, in majority-spin channel the conduc-
tivity GP

↑↑ of -Fe/Mg/MgO/Fe- is very close to the results for
-Fe/MgO/Fe- but much larger than the -Fe/FeO/MgO/Fe-.
Not surprisingly, we get a relatively large conductivity for
the AP configuration of -Fe/Mg/MgO/Fe-, especially the GAP

↓↑

due to a large contribution from resonant tunneling which
dominates the AP minority-spin channel. The calculated con-
ductance ratio for -Fe/Mg/MgO/Fe- is smaller than that of

FIG. 3. �Color online� TDOS on each atomic layer of �a� -Fe/Mg�1 ML�/MgO/Fe-, �b� -Fe/FeO�1 ML�/MgO/Fe-, �c� -Fe/Mg�4 ML�/
MgO/Fe-, and �d� -Fe/Mg�1 ML�/MgO/Mg�1 ML�/Fe- for k� =0 with parallel configuration. Each TDOS curve is labeled by the symmetry
of the incident Bloch state in the left Fe electrode at the Fermi energy. Shadow area and dashed line represent the Mg interlayer and the
Fe/MgO interface, respectively. Arrows represent the relative magnetization in the Fe electrodes.

TABLE I. Tunneling conductivity �unit: 1 /�m2� in various spin channels and conductance ratio of
GP /GAP for -Fe/MgO/Fe-, -Fe/Mg�1 ML�/MgO/Fe-, and -Fe/FeO�1 ML�/MgO/Fe- tunnel junctions. MgO
barrier thickness is set to 8 ML for all cases.

Structure GP
↑↑ GP

↓↓ GAP
↑↓ GAP

↓↑
TMR ratio

�%�

-Fe/MgO/Fe- 7.85�109 1.19�109 5.91�107 5.91�107 7548

-Fe/Mg/MgO/Fe- 6.61�109 2.07�107 9.21�107 5.86�108 878

-Fe/FeO/MgO/Fe- 2.90�108 2.70�107 1.02�107 1.36�108 117
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-Fe/MgO/Fe-. The main reason for the reduction is the large
difference in the GAP

↓↑ channel. Nevertheless, the calculated
TMR ratio with a Mg interlayer is much higher than that of
-Fe/FeO/MgO/Fe- with an FeO interlayer. This result ex-
plains why the insertion of a Mg interlayer or underoxidiza-
tion of MgO in experiments can improve TMR: an extra
layer of Mg largely preserves the dominant tunneling current
in the majority-spin channel and prevents the formation of an
interface FeO layer which would reduce the TMR much
more than the Mg interlayer. The observed boost of TMR in
experiment is resulting from the replacement of interfacial
oxidation layer by the Mg interlayer.

Next we examine the tunneling density of states �TDOS�
at k� =0 for the individual energy bands in the majority-spin
channel. The TDOS is defined as the electron density of
states at each layer due to a single incident Bloch state from
the left Fe electrode. On each atomic layer, the TDOS is
roughly proportional to the modular square of the wave func-
tion that matches to the incident Bloch state. The plots for
the TDOS in Fig. 3 illustrate the most important feature of
this paper. For bcc Fe�001� in the majority channel there are
four Bloch states at the Fermi energy for k� =0 with different

symmetries: a �1 state, a doubly degenerate �5 state, and a
�2� state. As shown clearly in Fig. 3�a�, the majority-spin
state with �1 symmetry can pass through the Mg layer effec-
tively while �5 and �2� states cannot. The TDOS of �1 states
in the Mg interlayer show consistent transmitting from left
Fe layers into the adjacent MgO layer without any sign of
decay, but for other states the TDOS show remarkably large
decay in the Mg layer. After passing through this Mg layer,
the �1 state starts to decay exponentially in the barrier MgO
layers, as the same as other tunneling states.

For the junction with 1 ML FeO interface layer in Fig.
3�b�, the �1 state decays rapidly in the FeO layer, consistent
with the large GP

↑↑ difference between -Fe/Mg/MgO/Fe- and
Fe/FeO/MgO/Fe- shown in Table I. The difference between
the TDOS in -Fe/Mg/MgO/Fe- and that in -Fe/FeO/MgO/Fe-
connects the larger TMR in the case with a Mg interlayer
with the different decay rates of the majority-spin �1 state
for the two cases. The slower decay of the �1 electrons in the
Mg interlayer is further confirmed when the Mg interlayer
thickness is increased to 4 ML or when an additional Mg
interlayer is inserted into the other interface in a symmetric
-Fe/Mg/MgO/Mg/Fe- junction, as shown in Figs. 3�c� and
3�d�. In Fig. 3�c�, it is clear that the decay rate of �1 state in
Mg is much smaller than in the MgO barrier, but the TDOS
for other symmetry states decreases rapidly with a decay rate
much larger than within the MgO barrier. It is also worth
noting that modification of the interface distances of Fe-Mg
and Mg-MgO will only slightly change the calculated con-
ductivity but does not have an impact on the qualitative be-
havior of the majority-spin �1 electron transport in the Mg
interlayer.

IV. MG INTERLAYER THICKNESS DEPENDENCE OF
TMR AND COMPARISON WITH EXPERIMENTS

The dependence of spin-dependent transport on the Mg
interlayer thickness is one aspect of the calculation that can
be directly compared to the experiments. The tunneling con-
ductance of -Fe/Mg/MgO/Fe- for each channels, GP

↑↑, GP
↓↓,

GAP
↑↓ , and GAP

↓↑ , as well as the TMR ratio are shown in Fig. 4
with different interlayer Mg thickness up to 5 ML. To di-
rectly compare to the experiments we assume that for the
junction without a Mg interlayer �0 ML case�, an 1-ML-thick
FeO interlayer is present at the interface. The results are
plotted in Fig. 4. In the presence of a Mg interlayer, in Fig.
4�a� we only find small changes for majority-spin conduc-
tances in both P and AP configurations as the thickness of
Mg varies. However, the minority-spin conductances in both
configurations have large variations with different Mg thick-
nesses, and the changes in the conductance with the increas-
ing Mg thickness are not mononomic. We also see an abrupt
increase in conductance for minority-spin channel in each
configuration at 2 ML Mg thickness. This abrupt increase in
the conductance is due to resonant tunneling and will be
discussed in the next section.

We now compare our calculated Mg thickness depen-
dence of resistance-area �RA� product and TMR with the
experimental measurements by Moriyama et al.13 for -FeCo/
Mg/MgO/FeCo- junctions with MgO thickness of 1.98 nm,

FIG. 4. �Color online� �a� Mg-layer thickness dependence of
tunneling conductivity in various spin channels, �b� TMR ratio in
linear scale and �d� log scale, and �c� resistance-area product for the
-Fe/Mg/MgO/Fe- tunnel junctions with MgO thickness of 1.77 nm,
in comparison with the cited experimental results for -FeCo/Mg/
MgO/FeCo- junctions with MgO thickness of 1.98 nm �Ref. 13�.
The interfacial FeO with 1 ML is assumed for the case with 0 ML
of Mg. The dashed lines connecting the data points of 1 and 3 ML
in �c� and �d� indicate the trends without the 2 ML resonant tunnel-
ing anomaly.
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as shown in Figs. 4�c� and 4�d�. The experimental values of
RA are higher due to the difference between the experimen-
tal MgO thickness �1.98 nm� and the MgO thickness of 1.77
nm used in our calculation. If we exclude the case of 2 ML
Mg in the AP configuration which contains a large resonant
tunneling contribution and will be discussed in the next sec-
tion, the calculated thickness dependences of RA in both
configurations as well as the TMR follow almost the same
trend as the experiment in the small thickness region �0.6
nm�, as shown in Figs. 4�c� and 4�d�. The dashed lines in
both theory curves connecting the data points of 1 and 3 ML
of Mg represent the trend if the 2 ML anomaly is removed.
In the large thickness region the experimental TMR ratio is
decreasing whereas the calculated TMR is further increasing.
The discrepancy may coming from the degraded �001� tex-
ture of the MgO barrier when the Mg thickness is larger than
0.6 nm.12,16

V. RESONANT TUNNELING THROUGH INTERFACIAL
RESONANT STATES AND QUANTUM-WELL

STATES

At 2 ML layer Mg thickness, sp-like QWS are formed in
the Mg interlayer. In Fig. 5�a�, we show the calculated
minority-spin DOS within the Mg interlayers and the adja-
cent Fe interfacial layer in -Fe/Mg/MgO/Fe- junction, at the
one of the resonance peaks in the k�-resolved transmission
probabilities shown in Fig. 6 for the junction with 2 ML Mg.
DOS at the same k� point for Mg thicknesses of 3, 4, and 5
ML, as well as the band dispersion E�kz� of bulk Mg using a
crystal structure of body-centered tetragonal as the same in

the junction, are also shown in Figs. 5�b�–5�e� for compari-
son. For each case the DOS of Mg are summed over all Mg
layers between Fe and MgO. Band dispersion of bulk Mg is
calculated using the Layer-KKR with the potentials for Mg
taken from the center Mg layer of the -Fe/Mg/MgO/Fe- junc-
tion in order to correctly place the Fermi energy. Two bulk
bands start at about 0.5 eV and 7.5 eV below the Fermi
energy, respectively. Within the energy range corresponding
to these two bulk bands, several sharp spikes in the junction
partial DOS of Mg �primarily s and p characters� indicate
possible QWS derived from the two bulk Mg bands, shown
in Figs. 5�a�–5�d� for each Mg thickness.

That these sharp peaks are indeed the QWS is confirmed
with the simple phase accumulation model �PAM, also re-
ferred to as the Bohr-Sommerfeld quantization rule� for the
quantization condition of QWS.37,40,41 According to the
PAM, the quantization condition for the existence of a QWS
with energy EQW is given by

2k�d + �1 + �2 = 2�n , �3�

where k�=�2m�EQW /� is the momentum wave vector per-
pendicular to the junction interface, d is the Mg layer thick-
ness, and �1=�2=2 sin−1�EQW /U−� is the phase shift on
reflection at the Fe/Mg and Mg/MgO interface. Here m� is
the effective mass of Mg electron along the transport direc-
tion and can be obtained from the curvature of calculated Mg
band dispersion E�kz� in Fig. 5�e�. U is the effective barrier
height. By setting the effective barrier height as U=4.5 eV
for both sets of QWS derived from the two parabolic bands
and extracting m��1.1 and 0.3 from Fig. 5�e�, the Mg thick-
ness dependence of the resonance energies in the DOS can

FIG. 5. �Color online� �a�–�d� Minority-spin density of states in Mg and interfacial Fe layers at the k� equal to one of the resonance peaks
in transmission �junction with 2 ML Mg� for Mg interlayer thickness of 2, 3, 4, and 5 ML, respectively. Red �light� line, Mg layer; blue
�dark� line �area filled under curve�, adjacent Fe interfacial layer. �e� Band dispersion of bulk Mg using the same crystal structure in the
junction. Dashed line represents the Fermi energy which is at 0 eV. n and n� indicate the numbers of nodes in the wave function
corresponding to the two bulk Mg bands, respectively.
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be fitted perfectly to the QWS given by the PAM. The cor-
responding numbers of nodes n and n� of these QWS ob-
tained from the PAM are shown in Figs. 5�a�–5�d� for each
Mg thickness.

Coupling to the d-IRS in the adjacent Fe layer widens the
width of some of the QWS, especially for the QWS at about
−0.3 eV for 3 ML Mg thickness. We also note that for Mg
thickness larger than 4 ML the n=0 QWS falls within the
band gap of bulk Mg. This may result from the s-d hybrid-
ization on the Fe/Mg interface which can shift the energy
levels of Mg QWS. The QWS ranging from −7.5 to −3 eV
formed from the lower energy band of bulk Mg are too far
away from the Fermi energy thus are not responsible for the
resonant tunneling. Because these states are not coupled to
the Fe minority-spin d states they provide very good refer-
ence points for identifying QWS. In the case of 2 ML Mg, a
QWS lays exactly at the Fermi level and couple to a
minority-spin d-IRS of adjacent Fe, corresponding to the
large resonance peak in minority-spin conductance shown in

Fig. 6. There are no QWS at the Fermi energy for other Mg
thicknesses. It should also be noted that sharp resonances can
be found in Mg within the energy range from −1 to −2.6 eV.
They are interfacial resonance state and coupled to the inter-
facial Fe-layer d states. The positions of these peaks remain
almost the same when the thickness of Mg changes.

The QWS in Fig. 5 clearly explain the calculated 2 ML
resonant tunneling anomaly shown in Fig. 4. The positions of
QWS are highly dependent on the effective Mg layer thick-
ness, which is the width of the quantum well. In actual ex-
periments the effect of QWS may not be easily observed
because the junction structures are inevitably susceptible to
small perturbations such as strains in the Mg interlayer, and
the QWS are very sensitive to even slight change in the Mg
thickness. Thus observation of the QWS resonance requires
both advanced fabrication technique for high-quality junc-
tion interfaces and accurate control of the layer thickness.

To demonstrate how sensitive the quantum-well reso-
nance is to small artificially applied strains in the Mg, three
sets of Mg layer spacing are used for transport calculations:
2.570 Å �type I� which is determined from the relaxation
calculation mentioned in Sec. II; 2.442 Å �type II� and
2.699 Å �type III� which are decreased and increased 5% of
original spacing of 2.570 Å, respectively. Calculated
minority-spin k�-resolved transmission probabilities at the
Fermi energy are shown in Fig. 6 for junctions with these
three sets of Mg layer spacing. The integrated conductances
and TMR ratios are shown in Table II. Majority-spin conduc-
tances are also shown in Table II but only have a weak de-
pendence on the Mg layer spacing. However, the small
changes in the Mg spacing cause large changes in the
minority-spin channel. Comparing with the type-I case, in
type-II junction GP

↓↓ increases by an order of magnitude and
GAP

↓↑ is about 20 times larger. Increasing the Mg spacing may
greatly reduce the minority-spin conductance. The type-III
junction shows a much reduced GP

↓↓ and GAP
↓↑ thus the GAP is

very close to GP resulting a smaller negative TMR.

VI. CONCLUSION

In conclusion, our calculation indicates that in -Fe/Mg/
MgO/Fe- and -Fe/Mg/MgO/Mg/Fe- MTJs the majority-spin
electron wave function with the �1 symmetry decay slower
than wave functions with other symmetries in the Mg inter-
layer, similar to the situation in the MgO barrier. Conse-
quently, the role of a Mg interlayer with a thickness of one or
several monolayers is not simply to prevent the interface
oxidation or improving the texture of subsequently deposited

TABLE II. Tunneling conductivity �unit: 1 /�m2� in various spin channels and conductance ratio of
GP /GAP for -Fe/Mg�2 ML�/MgO/Fe- with three types of interfaces structures.

Structure GP
↑↑ GP

↓↓ GAP
↑↓ GAP

↓↑
TMR ratio

�%�

-Fe/Mg2/MgO/Fe-�type I� 2.01�109 1.56�108 4.31�107 6.10�109 −184

-Fe/Mg2/MgO/Fe-�type II� 2.33�109 1.12�109 4.90�107 1.01�1011 −2829

-Fe/Mg2/MgO/Fe-�type III� 1.82�109 6.71�107 3.76�107 2.14�109 −15

FIG. 6. �Color online� Transmission probability in 2DBZ for
-Fe/Mg�2 ML�/MgO/Fe- with three different types of Mg layer
spacing at the Fermi energy. The six panels show the transmission
for minority-spin in the parallel configuration �left column� and
minority-spin to majority-spin in the antiparallel configuration
�right column�. Type I: first row; type II: second row; and type III:
third row. Detailed structures of these three types of junction are
discussed in the text.
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MgO�001�. A thin Mg interlayer can also act as a spin sym-
metry filter and produce spin-dependent transport that pref-
erentially filters for the majority-spin �1 states. At certain
Mg thickness the TMR is strongly influenced by resonant
tunneling, due to minority-spin interfacial resonance states
and quantum-well states formed within the Mg interlayer.
Our calculation thus provides a theoretical understanding
how high TMR ratio can be maintained in MTJs with Mg
interlayers.
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