
Oxygen-Vacancy-Induced Diffusive Scattering in Fe=MgO=FeMagnetic Tunnel Junctions

Youqi Ke,1 Ke Xia,2 and Hong Guo1

1Centre for the Physics of Materials and Department of Physics, McGill University, Montreal, PQ, H3A 2T8, Canada
2Department of Physics, Beijing Normal University, Beijing 100875, China

(Received 12 August 2010; revised manuscript received 3 October 2010; published 30 November 2010)

By first principles analysis, we systematically investigate effects of oxygen vacancies (OV) in the MgO

barrier of Fe=MgO=Femagnetic tunnel junctions. The interchannel diffusive scattering by disordered OVs

located at or near the Fe=MgO interface drastically reduces the tunnel magnetoresistance ratio (TMR)

from the ideal theoretical limit to the presently observed much smaller experimental range. Interior OVs

are far less important in influencing TMR, but they significantly increase the junction resistance. Filling

OV with nitrogen atoms restores TMR to near the ideal theoretical limit.
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One of the most important spintronics phenomena [1] is
the tunnel magnetoresistance (TMR) observed in magnetic
tunnel junctions (MTJ). MTJ is made of two ferromagnetic
layers sandwiching a thin insulating tunnel barrier. The
tunneling current I"" is large when magnetic moments of

the two ferromagnetic layers are in parallel configuration
(PC or "" ) and I"# is small when they are antiparallel (APC

or "# ). The larger the TMR ratio, ðI"" � I"#Þ=I"#, the more

sensitive the device. MTJ is the fundamental device ele-
ment for practical systems such as read sensors and mag-
netic random access memory. In 2004, experiments [2,3]
achieved large TMR ratio �200% in MgO based MTJ
using CoFe or Fe as electrodes. Since then, improvement
of materials increased TMR to slightly larger than 1100%
at low temperatures [4]. On the other hand, for ideal
Fe=MgO=Fe MTJ, first principles theoretical calculations
predicted much higher TMR ratio [5,6], up to 10 000%.
A very important problem is to identify and therefore
rectify detrimental effects that prevent experimental
TMR ratio from reaching much higher values.

For ideal clean Fe=MgO=Fe junctions, as explained
clearly before [5], by symmetry the minority-spin d states
having transverse momentum kk � ð0; 0Þ in Fe cannot

couple to the slowly decaying �1 band of MgO at kk ¼
ð0; 0Þ. These Fe states are therefore filtered out by MgO.
Furthermore, the majority-spin channel in the left Fe can-
not tunnel through in APC because the right Fe is in the
antiparallel state. The overall result is a very small APC
current and a large spin polarized PC current, giving rise to
the huge TMR in the ideal limit.

It is therefore generally believed that atomic defects in
the experimental MTJ is the likely cause for not reaching
the ideal theoretical TMR limit because defect scattering
can destroy the tunneling symmetry. One such effect [7–9]
is the possibility of extra oxygen atoms at the Fe=MgO
interface forming a FeO layer. On the other hand, experi-
ments on devices with clean, nonoxidized Fe=MgO inter-
faces [10] still report a TMR ratio far from the theoretical
ideal limit. Calculations showed that small Fe=MgO

interface structural randomness also drops TMR [8], but
not enough to reach the current experimental range. More
recently, experiments were carried out to investigate
another kind of defects, oxygen vacancies (OV) inside
the MgO barrier [11], and Ref. [12] provided direct experi-
mental evidence of localized defect states inside the MgO
energy gap which was attributed to the OV. Theoretical
investigation of OV effects on TMR is rather limited.
Reference [13] reported a supercell density functional
theory (DFT) calculation in which one oxygen atom in
MgO was removed; this defect reduced the TMR ratio
from the ideal limit by a factor of roughly 2.
Oxygen vacancy in MgO is quite likely due to a com-

pressive strain at the Fe=MgO interface during crystal
growth [12]. Here we report a systematic first principles
analysis of its effect. By placing OVs at interfacial layers or
interior layers in the MgO, a general trend is discovered:
(i) merely a few percent of OV at or near the Fe=MgO
interface drops the TMR ratio from �10 000% to the
experimental range due to an efficient reduction of spec-
ular scattering in favor of diffusive scattering that causes
the minority-spin channel in Fe to scatter into the �1 band
of MgO; (ii) effects of interior OV on TMR are far less
important, they however break the �1 wave function sym-
metry of MgO thereby significantly increase the junction
resistance; (iii) filling OV with nitrogen atoms, the ideal
TMR limit is partially recovered.
Our calculation is based on DFT within the Keldysh

nonequilibrium Green’s function (NEGF) formalism [14].
The disorder averaging of results is carried out by the
theory of nonequilibrium vertex corrections (NVC) [15].
Briefly, for systems without disorder, NEGF DFT [14]
calculates density matrix by NEGF as �� R

dEG<, and

transmission coefficient as T ¼ Tr½Gr�LG
a�R�, where

Gr;a;< are the retarded, advanced, and lesser Green’s
functions, respectively, and �L;R are the line width func-

tions of the left (L) and right (R) leads. For disordered
systems, the configuration average is carried out by NVC
such that [15]:
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�Ga�0
VC�: (2)

Here �< ¼ ið�LfL þ �RfRÞ is the lesser self-energy
due to the device leads and fL;R are their Fermi functions.

The configuration average, indicated by ð� � �Þ, correlates
the forward and backward propagators Gr and Ga: the
correlation accounts for the multiple electron scattering
due to impurities. Mathematically, the disorder averaging
is facilitated by a NVC self-energy �NVC at the nonequi-
librium density matrix level, and by an additional equilib-
rium vertex term�0

VC at the transmission coefficient level.

The NEGF-DFT-NVC formalism is implemented within
the linear muffin tin orbital first principle framework
[15–17]. The exchange correlation is treated by local
spin density approximation. Coherent potential approxi-
mation [18] is applied to calculate configuration averages
of �Gr;a. Finally, in the transmission coefficient Eq. (2), the
first term on the right-hand side accounts for specular sca-
ttering and the second term—vertex correction—accounts
for diffusive scattering. The conductance is �Tðe2=hÞ, where
e is the electron charge and h the Planck constant.

Figure 1 shows the Fe=MgO=Fe atomic structure in our
analysis [19]. A vacancy is created by randomly replacing
an oxygen atom with a vacuum sphere (Va) of the same
size, where a small structural distortion is neglected [20].
The substitutional disorder is realized by the alloy model
O1�xVax where percentage x is an input parameter. We first
calculated [21] perfect junctions (no OV) having L ¼ 3–13
monolayers of MgO. Conductances of all spin channels
decay exponentially versus L as expected from tunneling.
TMR ratio increases rapidly with L, reaching �10 000%
for the 13-layer MgO device. A perfect junction gives
purely specular tunneling which conserves transverse
momentum kk, and its conductance in PC is dominated

by the spin-up channel. These results are consistent with
previous work [5,6,8]. For junctions with OV, we shall
focus on the 13-layer MgO which was studied experimen-
tally [11]. Putting OVs at different MgO layers [22]
(Fig. 1), a clear trend emerges.

Interfacial OV.—Fixing 3% OV on layer 1 of the MgO
and x% on layer 13, leaving the rest of the MgO layers per-
fect, the results are shown in Fig. 2. Figures 2(a) and 2(b)
plot conductance versus x for PC and APC. The most
striking result is that the vertex correction in transmission,
e.g., the second term of Eq. (2), plays a dominant role in all
spin channels. As Figs. 2(a) and 2(b) show, the spin-down
channel in PC and all channels in APC are almost entirely
contributed by diffusive scattering. The OVs assist minority-
spin channels in Fe to traverse the MTJ by introducing
interchannel scattering which couples these states to the
slowly decaying �1 band of the MgO. As a result the
coherent spin filtering effect [5] is drastically reduced.
The conductance in APC increases significantly, resulting
in a drastic reduction of the TMR ratio. Shown in Fig. 2(c),
for several OV distributions, TMR reduces dramatically
from the ideal limit of �10 000% to �250% when x is
merely 4%. To emphasize the dominating role of interfacial
OV, on top of 3%OVin layers 1 and 13, we add a further x%
in layer 7. As the inset of Fig. 2(d) shows, the TMR stays at
�350% almost independent of the layer 7 x.

FIG. 1 (color online). Atomic structure of Fe=MgO=Fe junc-
tion with a 13-layer MgO barrier. Blue spheres, Fe; red spheres,
O; green spheres, Mg; white spheres, oxygen vacancy. The
junction is periodically extended in the transverse directions.
The numbers label MgO layers from the left to the right.

FIG. 2 (color online). (a),(b) Conductance versus OV concen-
tration x at equilibrium for spin-up and -down (insets) channels
in PC (a) and AP (b). Layer 1 of MgO is fixed with 3% OV; layer
13 with x%. Green up-triangles, total conductance; red squares,
coherent part; black circles, vertex correction part. (c) TMR
versus x for several MTJs. Red squares, for symmetric junctions
with x% OV at both layers 1 and 13. Black circles, for asym-
metric junctions with 3% OV on layer 1 and x% on layer 13.
Green stars, same disorder distribution as the black circles but
for a junction having 7-layer MgO barrier. Inset: Log-10 scaled
resistance versus number of disordered MgO layers
(3; 3–43–4–5; 3–4–5–6; . . . :) for spin-up channel in PC: green
squares are for 3% OV; black up-triangles for 5%. (d) TMR
versus x for a 13-layer junction where interfacial OVs are filled
by nitrogen atoms; namely, x% nitrogen atoms replace oxygen
atoms on the 1st and 13th MgO layer. Inset: TMR versus x for a
junction with 3% OV on both layer 1 and layer 13, at the same
time x% OV on layer 7.
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Next-neighbor OV.—When the OVs are located at layers
2 and 12, and all other MgO layers are clean, the effects are
found to be qualitatively the same as that of the interfacial
OV. Again, the TMR is diminished very quickly from the
theoretical ideal limit to�250%when OV concentration x
is less than a few percent [similar to Fig. 2(c)]. With 3%
OV on layers 2 and 12, adding further OVs in the middle
layers of MgO does not significantly reduce TMR indicat-
ing, again, the importance of OVs near the Fe=MgO inter-
face. We have calculated junctions with both interfacial
OV and next-neighbor OV, the TMR drops more quickly.
The only main difference between the interfacial OV and
the next-neighbor OV is the behavior of PC conductance.
For the interfacial OV, Fig. 2(a) shows an increasing con-
ductance versus x; for the next-neighbor OV, it is a decreas-
ing conductance. For APC the conductance behaves the
same as that of Fig. 2(b). An interfacial OV layer in effect
reduces the width of the perfect MgO tunnel barrier, thus
enhancing the tunneling probability. On the other hand,
OVs (especially the interior OVs) provide scattering cen-
ters that reduce tunneling.

Interior OV and interface roughness.—Leaving the in-
terfacial and next-neighbor MgO layers clean, a few
percent interior OVs can reduce TMR but much less
drastically. For example, when 5% OVs are put on layer
3, we found that the total APC conductance is almost the
same as the perfect junction while the PC spin-up trans-
mission is decreased by roughly 2; TMR is reduced from
�10 000% to 4067%. Putting OV in layer 7 while keep-
ing all other layers clean, TMR is only reduced to 7727%
even when x ¼ 9%. By systematically putting the same
concentration of OV one layer at a time, the results show
that the further away from the interface, the less effective
it is for OV to quench TMR. Interior OV has less effect
because the spin-down wave in Fe has more difficulty
reaching them to cause interchannel scattering. In all
interior OV (layers 3 to 11) configurations, the PC
spin-up conductance GP" is found to decrease for increas-

ing OV concentrations. For a comparison, we have in-
vestigated surface roughness scattering by replacing
randomly Fe atoms at both Fe=MgO interfaces with x%
of vacuum spheres (Fe1�xVax). TMR is reduced steadily
as x increases, reaching 2300% at x ¼ 9%. Hence, inter-
face roughness is less effective than interfacial OV in
reducing the TMR.

Junction resistance.—Experimentally, introducing OV
to MgO layers can cause junction resistance to increase
by 50 times [11]. The calculated resistance 1=GP" as a

function of disordered layers of MgO is shown in the inset
of Fig. 2(c). Ten junctions with x ¼ 5% (up-pointing tri-
angles) and x ¼ 3% (squares) OVs existing on layers 3, or
on 3–4, or 3–4–5; . . . , or 3–4– . . . –10–11, are calculated.
The resistances exhibit an exponentially fast increase: 5%
OV causes 220-fold increase while 3% OV causes a 50-
fold increase, consistent with experiment observation [11].

Transmission hot spots.—A general trend therefore
emerges: small amount of OVs at or near the Fe=MgO
interface efficiently turn specular scattering into diffusive
scattering, causing spin-down minority channels in Fe to
couple to the slowly decaying �1 band of MgO, leading to
dramatic reductions of the TMR ratio. This trend is vividly
depicted in Fig. 3 which plots the kk � ðkx; kyÞ resolved
(hot spot) specular and vertex correction parts of the trans-
mission coefficient, i.e., 1st and 2nd term of Eq. (2), for a
symmetric junction having x ¼ 3% OVat layers 1 and 13.
In the specular part, all spin channels tunnel through the
MgO barrier by conserving kk and is largely concentrated

around the � point kk ¼ 0. The PC spin-up channel

[Fig. 3(a)] is circular in kk surrounding the � point, while

the PC spin-down and the APC channels have a fourfold
symmetry [Figs. 3(b), 3(e), and 3(f)]. From Fig. 3, the
vertex part is spread much wider into the Brillouin zone
(BZ) due to diffusive scattering and, most importantly, the
APC spin-up vertex part [Fig. 3(g)] has a circular symme-
try surrounding the � point which matches the symmetry of
the�1 band of MgO. As a result, the APC spin-up diffusive
channel can easily pass through MgO via its �1 band
which increases APC current and reduces TMR. In APC,
the specular part of spin-up and -down channels precisely
equal each other [Figs. 3(e) and 3(f)] for all kk due to the

left or right atomic symmetry of this junction. The diffu-
sive parts, Figs. 3(g) and 3(h), show completely different
hot spots, but their total value after integrating the entire
BZ are exactly the same. This is because the specular part
conserves kk while the diffusive part does not.
Bias dependence.—Figures 4(a) and 4(b) plot the calcu-

lated TMR versus bias voltage for a 7-layer MgO junction.
For both clean and disordered interfacial layers the exter-
nal bias reduces TMR even though the vertical scales of
Figs. 4(a) and 4(b) are very different. TMR of the perfect

FIG. 3 (color online). kk resolved transmission coefficient T ¼
TðEf; kx; kyÞ in two-dimensional BZ for coherent and vertex

parts of the spin-up and -down channels in PC and APC, for a
junction with 3% OV on both layers 1 and 13. Here Ef is the

Fermi energy of the Fe electrodes. (a)–(d) PC, (e),(f) APC. (a),
(c),(e),(g) Spin-up channel, (b),(d),(f),(h) spin-down channel.
(a),(b),(e),(f) Coherent part [1st term of Eq. (2)], (c),(d),(g),
(h) vertex correction part [2nd term of Eq. (2)].
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junction drops to zero by the voltage, but it appears to
saturate for the OV junction after the initial sharp drop.
Experimentally, so far both fast drop [2,3] and much slower
drop [23] of TMR versus bias were observed.

Nitrogen doping.—Recently it has been reported that
nitrogen can be doped into MgO [24] as substitutional
atoms to oxygen. Since OV causes a dramatic reduction
of TMR, filling the OV with nitrogen may partially solve
the problem. We have investigated this possibility and
Fig. 2(d) plots the calculated TMR versus nitrogen con-
centration: TMR remains above 8000% when 4% of inter-
facial oxygen atoms are randomly replaced by nitrogen.
This means diffusive scattering of spin-down electrons
injected from Fe is much less effective by nitrogen impu-
rity than by OV. Therefore, if viable experimental methods
can be found to fill the almost unavoidable OVs near the
Fe=MgO interface, it is possible to reach extremely high
TMR ratio.

In summary, a few percent of interfacial OVs in MgO
tunnel barrier is predicted to drastically reduce TMR ratio
from the ideal theoretical limit to the presently observed
experimental range. The physics is due to a very efficient
diffusive scattering of spin-down channels in the Fe to the
slowly decaying �1 band of the MgO that reduces the
coherent spin filtering effect. The application of the vertex
correction theory [15] is important to capture this physics.
Interior OV breaks the�1 symmetry of theMgO barrier and
significantly increases the junction resistance. The OV pro-
blem can be rectified by filling them with nitrogen atoms.
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