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Abstract

The performance of Fe/MgO/Fe-based magnetic tunnel junctions is critically limited by interfa-
cial oxidation; however, a complete theoretical framework capturing its complex role has been elu-
sive. We developed an ab initio quantum transport approach that integrates the coherent potential
approximation with vertex corrections to model substitutional disorder at oxidized Fe/MgO inter-
faces. Our model reveals that oxidation fundamentally reshapes spin-dependent transport, lead-
ing to a systematic suppression of the tunnel magnetoresistance (TMR) ratio, emergence of strong
bias-voltage asymmetry, and crossover to negative TMR at high bias. Crucially, we demonstrate
that the dominant transport mechanism in oxidized junctions is incoherent scattering, which is
captured by vertex corrections that create disorder-assisted transport channels. This effect is par-
ticularly pronounced in asymmetric interfacial configurations, where it can paradoxically enhance
the transmission. Furthermore, we show that increasing the MgO barrier thickness degrades TMR
in highly oxidized junctions, as incoherent channels overwhelm coherent tunneling. Our work
provides a predictive framework that moves beyond idealized models, establishing that vertex cor-
rections are indispensable for accurately describing quantum transport in realistic disordered spin-
tronic interfaces and guiding their design.

1. Introduction

Magnetic tunnel junctions (MTJs) with crystalline MgO barriers are fundamental building blocks in
modern spintronics. Their ability to exhibit large tunnel magnetoresistance (TMR) has led to their wide-
spread application in non-volatile memory (MRAM), data storage, and magnetic sensors [1-3]. Recently,
renewed interest in their potential has been ignited by initiatives such as the US National Institutes of
Health’s Notice of Special Interest in ‘Quantum Sensing Technologies in Biomedical Applications’ [4].
For biomedical applications, such as magnetic biosensing and wearable medical devices, the key perform-
ance metrics are a wide dynamic range, high sensitivity, and superior noise performance [5]. The TMR
ratio, defined as TMR = (Ip — Iap)/Isp X 100% (with Ip and Ip being the currents in the parallel and
antiparallel magnetic configurations of the electrodes, respectively), is a critical parameter that directly
influences these metrics. The theoretical potential of Fe/MgO/Fe MT]Js is immense. First-principles calcu-
lations based on coherent electron transport in ideal junctions predicted TMR ratios exceeding 1000% at
room temperature [6, 7]. Following the seminal experimental reports of room-temperature TMR values
up to 200% in epitaxial Fe/MgO/Fe structures [8, 9], progress has been steady, with record values now
reaching approximately 600% at room temperature and over 1000% at low temperatures [10]. In pur-
suit of higher TMR ratios, significant research has been directed towards half-metallic ferromagnets like
Heusler alloys with 100% spin polarization and exceptionally high TMR ratios [11, 12]. However, their
experimental performance is severely limited by sensitivity to structural order and interfacial chemistry.
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This work focuses on the well-controlled and technologically mature Fe/MgO systems to investigate uni-
versal interface challenges, such as oxidation.

However, a significant gap persists between these experimental achievements and the predicted theor-
etical limits. This discrepancy represents a central challenge in the field, hindering the full optimization
of MT]J-based devices. The origins of this theory-experiment gap are attributed to defects and interfacial
imperfections inherent to real-world fabrication. The structural characterization of the Fe/MgO inter-
face remains controversial. For instance, surface x-ray diffraction (SXRD) studies by Tusche et al [13]
revealed a partially oxidized Fe layer at both interfaces, with oxidation being more pronounced (up to
70%) at the Fe-on-MgO interface [14]. In contrast, x-ray photoelectron spectroscopy (XPS) studies at
the Fe L,3 edge have been interpreted as evidence of a clean interface [15]. This disagreement under-
scores the critical role of growth conditions and characterization techniques; however, more recent O
K-edge XPS studies provide clearer evidence of chemical shifts indicative of FeO formation [16-18].

It is important to note that the Fe/MgO and MgO/Fe interfaces inherently possess different oxidation
potentials, primarily because of the different surface energies of MgO and Fe [19, 20]. This naturally
leads to the asymmetric oxidation levels observed in prior experiments, where uncontrolled fabrication
resulted in states such as 60% oxidation on one interface and 30% on the other [21], with M&ssbauer
spectroscopy revealing levels as high as 86% [22].

Theoretical efforts have focused on modeling specific defects to explain the suppressed TMR and
specific transport features. The three most commonly considered defects are: (1) oxygen vacancies (VO)
[23], (2) magnesium vacancies (VMg) [24], and (3) interfacial oxidation [14, 25]. Oxygen vacancies, for
example, have been shown to reduce the effective barrier height, bringing the theoretical decay of con-
ductance with barrier thickness closer to experimental observations [26-28] . However, they often fail
to fully account for the bias dependence of the TMR, asymmetry of the current—voltage (I — V) charac-
teristics, severe suppression of the TMRs, and zero bias peculiarities. Furthermore, certain experiments
report a sign change in TMR with applied bias, a phenomenon that is highly sample-dependent and
eludes explanation by simple vacancy models [29]. Furthermore, real Fe/MgO interfaces exhibit atomic-
scale mixing and roughness, which degrade TMR by disrupting coherent tunneling [30, 31]. While inter-
facial interdiffusion creates a magnetic dead layer [32], certain atomic configurations may have minimal
impact [33]. Post-growth annealing enhances TMR by reducing roughness, creating a sharper interface
[34]. A key future direction is to use computational models with a disordered interfacial layer to system-
atically separate the effects of chemical oxidation from topological disorder.

From a computational perspective, results are highly sensitive to the chosen method, particularly
regarding the treatment of interface states near the Fermi level that dominate transport in thin barri-
ers and the precise alignment of the MgO band edges with the Fe chemical potential (band offset) [25,
35-37]. To bridge this gap, a more comprehensive theoretical framework is required-one that can effect-
ively handle the inherent disorder and randomness of the oxidized interface without relying on sim-
plified, periodic defect supercells. In this study, we present such an approach. We employed the tight-
binding linear muffin-tin orbital (TB-LMTO) method combined with the coherent potential approx-
imation (CPA) [38] to explicitly model the substitutional randomness of oxygen and Fe atoms at the
oxidized interface within an effective-medium framework. This allows for the first-principles calculation
of the configurationally averaged Green’s function of disordered interfaces. Furthermore, our method
enables computationally efficient finite-bias quantum transport calculations. A key advancement of our
approach is the systematic inclusion of vertex corrections within the Green’s function formalism, which
allows us to capture not only the coherent tunneling component but also the incoherent, diffusive scat-
tering contributions that are crucial for accurately describing transport in disordered interfaces [39]. This
comprehensive model provides a unified platform for reconciling a wide range of experimental data with
theoretical predictions, ultimately guiding the design of next-generation high-performance MTJ sensors.

2. Computational and theoretical details

The electronic structure was calculated using the TB-LMTO method [38, 40]. Substitutional disorder
was treated within the CPA, which provides an effective-medium framework for computing the con-
figurationally averaged retarded Green’s function. The electrodes were modeled as perfect crystals; con-
sequently, all lead-related quantities, such as the self-energy, are non-statistical. The CPA formalism, ini-
tially introduced by Soven [41] and Taylor [42] and later developed mathematically by Velicky [43], was
employed. To ensure accuracy in transport properties, vertex corrections were incorporated into the cal-
culation of the transmission coefficient and current under finite bias [39, 44]. These corrections partition
the total transmission into coherent (secular) and incoherent (diffusive) components. Current—voltage
characteristics were calculated using a rigid-band approximation. This approach has been demonstrated
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to yield results in good agreement with fully self-consistent non-equilibrium Green’s function calcula-
tions for Fe/MgO/Fe MTJs up to biases of 2eV [37]. At the interfaces, oxidation of iron is modeled as

a random process confined to the atomic layers at the Fe/MgO and MgO/Fe boundaries. We adopt a
rigid lattice model, which assumes that the interfacial structure does not reconstruct upon oxidation and
remains analogous to the atomic configuration of the fully oxidized interface [25, 36, 45]. We use the
LSDA exchange correlation potential of [46] and the s, p, d basis sets to expand physical quantities. A
fine k-mesh (40 x 40) is used to sample the transverse 2d Brillouin zone and to calculate transmission
coefficients.

The aim of the present study is the development of an efficient way to compute the current-
perpendicular-to-plane (CPP) transport properties of a substitutional disordered epitaxial tunnel junc-
tion with an ab-initio TB-LMTO-CPA framework [38]. We focus on the formulation of the rigid band
approach for a finite applied bias within the so called vertex corrections arising in configuration aver-
aging of a product of two Green functions [39, 43]. Our starting point is the one-particle electronic
structure of a random configuration which can be described by the TB-LMTO method in the atomic
sphere approximation [40, 46]. The electronic structure is expressed in terms of the tight-binding struc-
ture constants S and the energy-dependent potential function P. The later is diagonal in sites and ¢
representation. The inclusion of the bias dependence in our calculation is done by replacing P by an
energy- and a bias-dependent potential function:

P@Jo:ﬁ<z+vﬁﬂ), (1)

where the vector R represents the atomic position and V the potential shift for each layer. Under an
applied bias V, the internal electric field E(R) inside the metal is supposed to be zero due to the elec-
tronic screening, and a rigid shift of the energy levels is occurred, i.e,

\% VR € left metallic layer
Vp - = . .
0 VR € right metallic layer.

The potential drop across the barrier, of length ¢, is considered to be linear, and as consequence the
internal electric field across the barrier is constant and is given by

L Vo
E=
gk

where Kk is a unit vector giving the direction of the growth of the junction. This leads to modify, the
central quantity of the one-particle Green’s function, namely the auxiliary Green’s function matrix g

-1
g(zVy) = [P(2v;) =8| . 2)
3. Geometrical and electronic structures

3.1. Junction geometry

The MT]J considered here is constructed of two semi-infinite disorder-free left (L) and right (R) lead of
a body-centered cubic iron with a fixed in-plane lattice constant of a = 2.866 A and limited by (001)
surface. These leads are connected to (7)Fe/FeO./(n)MgO/FeO,/(7)Fe active region (figure 1(a)), where
the number in brackets indicates the number of layers and x and y are the degree of the iron oxidation.
The (7)Fe layers are maintained at their bulk position (with an interplanar distance of 1.433 A), while
the adjacent oxidized Fe (FeO,) layer is allowed to relax. Within this relaxed FeO, layer, the Fe atoms
are situated 1.7 A below the z-position of the unrelaxed, adjacent (7)Fe layer, and the O atoms are posi-
tioned 0.2 A below the z-position of the relaxed Fe plane. Regarding stacking: the Fe atoms of the (7)Fe
layers are located directly on top of the O atoms of the FeO, layer, and the interfacial Fe atoms of the
FeO, layer are located directly on top of the O atoms of the MgO barrier, maintaining a Fe-O distance
of 2.35A across the interface.

For the calculation of the transmission coefficients and TMR, the magnetizations of the left and right
(7)Fe layers are aligned in either a parallel or an antiparallel configuration relative to each other. To sim-
ulate the partially oxidized interface, a fraction of the oxygen atoms were replaced with vacant lattice
sites. These vacancies are represented by ‘empty spheres’ (ES), leading to the formal occupation formula
O4ES;_. This empty sphere and the oxygen atoms have the same Wigner radius. The first MgO layer
is at 2.25 A and the inter-planar distance in MgO is 2.15 A. Two kind of empty spheres are added to fill
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OinFeO @ OinMgO @ Empty sphere

Figure 1. Active region and schematic potential drop through the junction: (a) active region showing the relative position of the
Fe/FeO/6MgO/FeO/Fe Magnetic junction: the oxygen site in FeO layer is constructed by x O and 1 — x empty spheres with the
same Wigner radius, the distribution of O in this layer is assumed to be random. (b) Schematic for energy levels used to calculate
the transmission coefficients for zero bias, with Ep = (E + Eg) /2. (c) Energy levels inside the bias window: The right lead is
shifted by the bias (V') and linear drop of the potential through the junction is assumed.

X

DOS of Fe at FeO_ (stat./eV)
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Figure 2. Total density of states of Fe at the interface FeO, for different O concentrations: x = 0 black, x = 0.25 red, x = 0.50 green
and x = 0.75 blue.

the interstitial space one type between the FeO and the MgO and the second between the MgO layers
of radius 0.93 A and 0.96 A, respectively. The Wigner radii are 1.41, 0.96, and 1.17 A for Fe, O, and Mg,
respectively. Such geometry is identical to that of Heiliger et al [25] supported by x-ray absorption spec-
troscopy (XAS) measurements [14].

3.2. Electronic structure
To understand the effect of partial oxidation on electronic transport in Fe/MgO/Fe MTTJs, it is necessary
to study firstly its impact on the electronic structure. Figure 2 presents the atomically resolved density of
states (DOS) of iron atoms at the oxidized interface (FeO,) for different oxygen concentrations (x), from
a clean interface (x=0) to a partially oxidized one (x=0.75).

The minority-spin channel exhibits more significant modifications than the majority-spin channel.
A key change is the shift of peaks to lower energies with increasing x. Notably, the interface state peak
located at the Fermi level (Eg) in the clean junction-previously discussed in reference [37, 47, 48]-shifts
away from Er and broadens. This is a consequence of p-d hybridization between the Fe d-orbitals and
O p-orbitals. Furthermore, an unoccupied peak in minority spin, initially located 2 eV above Er moves
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Figure 3. The orbital projected density of states for 3d-Fe at the interface FeOy in Fe/FeO./MgO/Fe junctions for two different
value of x: (a) x =0.25 and (b) x = 0.75. d? orbital is presented by a (black) Thick solid line, d' (red) thin solid line and d° (or
d,) (blue) dashed line.

closer to the Fermi level as the oxidation level, x, increases. This shift of d-orbital towards lower ener-
gies leads to an augmentation of the occupation in d-minority band and a reduction of the magnetic
moment at the interface, passing from 2.80 pp for a clean interface (x=0) to 2.16 pjp for fully oxidized
layer (x=1).

To gain deeper insight into the effect of partial oxidation, we present the d-orbital-resolved DOS
of Fe atoms at the oxidized interface (FeO,) for two oxygen concentrations, x =0.25 and x=0.75
(figure 3). In addition to the peak shifts discussed previously, the orbital character of the states at the
Fermi level evolves with x. We focus particularly on the A; symmetry contribution.

The spectral weight of the d,. orbital ((blue) dashed line in figure 2), which constitutes the A; state,
increases at the Fermi level with higher oxygen concentration. Consequently, the half-metallic character
of the A; band-present in the ideal junction -is lost at the partially oxidized interface (FeO,). A high
TMR ratio relies on the selective presence of the A; band only in the majority spin channel as estab-
lished in prior works [6, 49]. The interfacial oxygen hybridizes with Fe, inducing a significant A; contri-
bution in the minority spin channel at the Fermi level, as well, and hence a reduction of the TMR ratio
observed in thick junctions.

4, Zero-bias transmission coefficient: ballistic vs diffusive

We now investigate the effect of partial oxidation at the interface on the transport properties. We start
by presenting the calculated transmission coefficients for Fe/FeO,/MgO/FeO,/Fe(001) junctions with
three interface configurations: clean (x =y = 0), symmetrically oxidized (x =y = 0.25), and asymmet-
rically oxidized (x =0.25, y=0.75), as shown in figure 4. These values are representative of ideal (0%),
low (25%) and high (75%) oxidation levels.

In the parallel configuration of the clean junction (x = y = 0), a sharp interface state resonance at the
Fermi level (Er) produces a dominant peak in the minority-spin transmission. In contrast, the antipar-
allel configuration exhibits a profound suppression of transmission, with both spin channels reduced by
two orders of magnitude near Eg. The transmission in the antiparallel (AP) configuration remains lower
than in the parallel (P) configuration for energies up to 1.5eV above Eg. This results in a positive TMR
for accessible applied bias voltages.

However, the introduction of partial oxidation shifts the interface states responsible for these reson-
ant features away from the Fermi level. This shift reduces the transmission in the parallel configuration
for both symmetric and asymmetric junctions in the vicinity of Ep (as discussed in section 3.2 on the
DOS). Concurrently, in the antiparallel configuration, the transmission coefficient increases due to the
enhanced A; contribution in the minority spin channel. The combination of reduced parallel transmis-
sion and increased antiparallel transmission leads to a net decrease in the TMR ratio.
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Figure 4. Calculated spin-resolved transmission coefficients for Fe/FeO./(4)MgO/FeO,/Fe(001)for ideal junction x =y = 0,
symmetrically oxidized interfaces x = y = 0.25 and asymmetrically oxidized interfaces x = 0.25,y = 0.75, for both parallel and
antiparallel configurations. For parallel (antiparallel) configuration, the majority contribution is presented by black solid lines
(dashed green lines) and the minority spin by red solid lines(blue dashed lines).
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Figure 5. Decomposition of the total transmission coefficient (solid lines) into coherent (dashed lines) and uncoherent (triangles)
for symmetric junctions Fe/FeO,/MgO/FeOx/Fe with x = 25% (black) and asymmetric junctions Fe/FeO,/MgO/FeO,/Fe with
x=25%,y = 0.75% (blue).

In the asymmetrically oxidized junction, the antiparallel (AP) transmission exceeds the parallel (P)
transmission at approximately 0.7 eV above Ep- an energy corresponding to an experimentally accessible
bias voltage. This inversion of the dominant transmission channel results in a negative TMR, a finding
we will elaborate on in the next section and one that is consistent with experimental observations. The
crossover energy where AP transmission surpasses P transmission is attributed to the peak above the
Fermi level associated with the A; state, as discussed in the previous DOS analysis. In addition, the spin
degeneracy in the transmission is lifted for the asymmetric junction in the antiparallel configuration.

To gain deeper insight into the transmission mechanisms, we decompose the total transmission into
its coherent and incoherent contributions, as defined by equations (A.16) and (A.17) in the appendixes
and illustrated in figure 5. The coherent transmission, represented by dashed lines in figure 5, is
expressed in terms of the averaged auxiliary Green’s function as

Teon (k) E, V) = 513& %Tf [Bi (E) g (z+) By (E)8(2—) + Big(z—) By (E) 8 (2+)] (3)

and represents secular (ballistic) tunneling through the effective medium described by the CPA. This
contribution decreases with increasing oxidation and provides only a minor contribution to the total
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transmission. In contrast, the incoherent (diffusive) contribution, quantified by vertex corrections, arises
from disorder scattering and is the dominant mechanism for electronic transport in the oxidized junc-
tions. In the Fe/FeO,/MgO/FeO,/Fe system, where interfacial oxidation is randomly distributed, the
standard CPA alone fails to account for the full impact of diffusive scattering. Vertex corrections rec-
tify this by incorporating the statistical correlations between scattering events from the retarded and
advanced Green’s functions, following the same derivation done by Carva et al [39]

(g(z4)B(a)g(z-)) =8(z1)B(a)g(z-) +8(24) T (z1,2-)8(2-) # 8(2+) B(a)g(z-) (4)

These correlations capture the essential physics of quantum interference induced by oxidation-induced
disorder. Vertex corrections are particularly critical in asymmetric configurations (e.g. the ‘x=0.25—y =
0.75’ interface). Counter-intuitively, strong disorder in these junctions leads to higher transmission
compared to symmetric ones at energies around 0.5 eV above Er (see figure 5). This effect arises from
disorder-assisted transport channels, which are entirely missed by the averaged CPA Green’s function but
are captured by the vertex corrections. Thus, including vertex corrections is indispensable for accurately
modeling quantum transport across realistic disordered interfaces. They provide a complete framework
that can predict the critical, and often counterintuitive, role of disorder. This is particularly relevant

for spintronics, where controlled oxidation can tailor conductance, as vertex corrections quantitatively
explain how disorder can enhance -rather than simply degrade- quantum tunneling.

5. Impact of interfacial oxidation on TMR

Having established the impact of partial oxidation on the zero-bias transmission coefficient, we now
extend our analysis to examine its effect on the bias voltage dependence of the TMR in the linear
response regime. We consider junctions with varying degrees of oxidation for both symmetric and asym-
metric interface configurations. The results are presented in figures 6 and 7, respectively.

In symmetrically oxidized junctions (x =), increasing the oxidation level leads to a systematic sup-
pression of the TMR ratio (see figure 6). This is accompanied by a broadening of the TMR peak and
a partial suppression of the zero-bias anomaly, indicating enhanced scattering and a modification of
the spin-polarized interface states. A pivotal finding is the emergence of negative TMR at higher bias
voltages; for instance, at a 75% oxidation level, the TMR inverts its sign around 0.5V which is close
the value observed experimentally [29]. This sign inversion, which our calculations trace directly to
the behavior of the underlying transmission coefficients, signifies a fundamental crossover in transport
regime where the junction conductance in the antiparallel magnetic configuration surpasses that in the
parallel configuration.

The role of interfacial disorder and asymmetry is further elucidated by examining asymmetric junc-
tions (x# y). These structures successfully replicate all key observations from the symmetric case-
including TMR suppression, peak broadening, and negative TMR- but with the addition of a pro-
nounced bias-voltage asymmetry. This asymmetry is characterized by a systematic shift of the maximum
TMR value away from zero bias, typically toward negative potentials (see figure 7).

The fact that these most of the observed anomalies and complex phenomena are reproduced in
asymmetric junctions confirms that the dominant effects of oxidation are localized at the individual
interfaces rather than being a consequence of the global symmetry of the system. Consequently, local-
ized states at each interface create a spin-polarized tunneling imbalance that is highly sensitive to bias
direction.

Specifically, we find that the TMR changes sign at a bias voltage of 0.6 V for a symmetric junction
(x=y) and at 0.5V when one interface is 75% oxidized and the other is 12.5% oxidized (an asymmetric
junction, x # y). These values are in good agreement with the work of Kalitsov et al [29], who observed
a TMR sign change at approximately 0.7 V. Furthermore, their model for an ideal junction also predicts
TMR asymmetry and a sign change at a bias of about 1 V. This critical bias voltage for the TMR sign
change can be even lower in intentionally oxidized interfaces. For instance, Tiusan et al [50] demon-
strated a sign change at approximately 0.2V in a Fe/FeO/MgO/Fe junction. Regarding the magnitude
of TMR, the highest value reported at low temperature is 1000% (which we can obtain for example by
taking x=0.125 and y =0.25 ). For practical Yuasa-type junctions, which exhibit TMR saturation at
MgO thicknesses of around 2 nm (approximately 8 to 9 mono-layers), the TMR ratio is typically on the
order of 250%. A smaller value (110 %) was reported for Fe/FeO/MgO/Fe (see [51]). These values can
be obtained in our calculation by changing x and y. for symmetric junction an oxidation of 50% leads
to a TMR (at zero bias) of the order of 200%(164%). While for asymmetric junction a same value is
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Figure 6. Variation of the tunnel magnetoresistance (TMR) for symmetric junctions (Fe/FeO,/MgO/FeO,/Fe) with different
oxidation states: for x = 0.25 (red), x = 0.5 (green), and x = 0.75 (blue).
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Figure 7. Variation of the TMR for asymmetric junctions Fe/FeO,/MgO/FeO,/Fe where x kept fix (x = 0.125) and y was varied at
the other interface: y = 0.125 (black) solid line, y = 0.25 (red) dashed line, y = 0.5 (green) dotted line and x = 0.75 (blue) dashed-

dotted line.

obtained for x=0.125 and y =0.75 and it is further reduced to 71% for y =0.875. If we increase the

oxidation on the other side (x=0.25) we get TMR of 150% in good agreement with previously cited

values. The TMR value becomes 296% for x=0.25 and y = 0.50 and 335% for x=0.125 and y = 0.50.
From these values one can conclude that MT] grown by molecular beam epitaxy have better interface
with less oxidation and thus Higher TMR. While other preparation methods induces interface with

higher oxidation interface and thus lower TMR.

The physical origin of these effects can be understood through the interplay coherent and diffusive
transport. The CPA can capture the coherent (secular, ballistic) tunneling through the disorder-averaged
effective medium, a component that diminishes with oxidation even in the presence of disorder but it
misses uncoherent (diffusive) tunneling quantified by vertex corrections. These corrections capture the
quantum interference effects from scattering off the oxidation-induced disorder, creating disorder-assisted

transport channels.

Our approach moves beyond idealized ballistic models and the standard mean-field CPA. By includ-
ing vertex corrections to capture the essential physics of disorder, it reproduces key experimental obser-
vations in Fe/MgO/Fe junctions, including TMR suppression, peak broadening, a partially suppressed
zero-bias anomaly, and negative, asymmetric bias dependence.
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This is indispensable for applications where controlled oxidation is intentionally used to tailor device
characteristics, as it quantitatively explains how interfacial disorder can be engineered to induce specific
functional behaviors, such as bias asymmetry and negative TMR, rather than being viewed solely as a
performance-degrading factor.

6. Thickness dependence of the TMR

Finally, we investigate how interfacial oxidation affects the dependence of TMR on MgO barrier thick-
ness, aiming to reproduce its experimentally observed saturation [9]. Figure 8 presents the zero-bias
TMR for junctions with a pristine bottom interface and a top interface with varying oxidation levels. For
low oxidation (near-ideal junctions), the TMR increases with barrier thickness, consistent with the the-
oretical model of coherent tunneling and enhanced spin filtering of A; symmetry electrons in crystalline
MgO. Indeed, the coherent tunneling model, which is the fundamental mechanism in ideal Fe/MgO/Fe
junctions, states that the decay rate of electron states through the MgO barrier depends critically on
their band symmetry [49]. Specifically, the A; state has a much slower decay rate (x;) than the As state
(K2), that is k1 < K,. In Fe electrodes, the majority-spin electrons at the Fermi level predominantly have
Ay character, whereas the minority-spin electrons primarily have As character. The MgO barrier thus
acts as a symmetry-based spin filter, which is highly transparent to A; states and opaque to As states.
As the barrier thickness (d) increases, the filtering effect is enhanced. The upward TMR trend for the
1% oxidation junction is shown in figure 8, signals this coherent tunneling, where the TMR is expec-
ted increase and scale as e("2=%2)4 [18, 52]. However, for oxidation levels exceeding 37%, this trend
breaks down; the TMR magnitude saturates and no longer increases with thickness. At high oxidation
levels (75%), a pronounced degradation is observed, characterized by a significant decrease in TMR with
increasing thickness. This thickness-dependent degradation is attributed to the increased dominance of
diffusive scattering processes at the oxidized interface, which introduce significant vertex contributions
and a mixture of d-band characters into the tunneling transport. These incoherent mechanisms compete
with and ultimately overwhelm the coherent tunneling channel, an effect that becomes more detrimental
as the barrier thickness increases.

In summary, the role and impact of interfacial oxidation, as detailed in our study of the
Fe/FeO,/MgO/FeO,/Fe system, is a universal consideration in the design and performance of MTJs
with diverse material stacks. This generalizability stems from two fundamental factors: the thermody-
namic tendency of most transition metal (TM) electrodes to oxidize and the extreme sensitivity of spin-
dependent tunneling to the atomic-scale structure and chemistry of the ferromagnet/barrier interface.
The formation of interfacial oxides is highly dependent on deposition conditions (e.g. oxygen partial
pressure, temperature) and the relative oxygen affinity of the electrode materials. Uncontrolled oxidation
often degrades MTJ performance by disrupting the coherent tunneling mechanism. This occurs through
the introduction of disorder and spin-scattering sites at the interface, which compromise the orbital sym-
metry filtering effect crucial for high TMR in crystalline systems such as Fe/MgO/Fe. Furthermore, many
TM oxides (e.g. FeO, CoO, NiO) are antiferromagnetic or magnetically disordered, forming so-called
‘magnetically dead layers’ that quench spin polarization at the interface and severely degrade spin filter-
ing. Evidence of this detrimental effect is widespread. For instance, in MT]Js with a Heusler alloy Fe,CrSi
(FCS) electrode, a significantly reduced TMR ratio of only 2.5% was directly attributed to interfacial
oxidation of the FCS layer [53]. Conversely, positive outcomes can be achieved by suppressing oxidation.

A recent study on Mn3;Ge/MgO MT]Js demonstrated that preventing the oxidation of Mn at the inter-
face was key to achieving a substantially enhanced TMR ratio [54]. However, it is critical to note that the
presence of an interfacial oxide is not inherently detrimental. Our work shows that controlled oxidation
can be leveraged to engineer novel functionalities. This aligns with theoretical predictions that a precisely
defined oxidized interface can lead to quantum-well states in the electrode, giving rise to a resonance-
enhanced TMR effect, as proposed for systems like Al/Fe/FeO/MgO/Fe [55]. Therefore, the central chal-
lenge has shifted from mere prevention to precision engineering, which involves understanding and con-
trolling the thickness, stoichiometry, and magnetic structure of the interfacial oxide layer.

Ultimately, although the specific chemical and magnetic nature of the interfacial oxide varies with
the electrode material (e.g. FeO, in our study vs. MnO, in Mn3;Ge or complex oxides in Heusler alloys),
the fundamental principle holds: the interface is an active component. The findings of our study on the
Fe/FeO, system provide a framework for understanding how interfacial oxidation impacts spin trans-
port, a concept directly applicable to MTJs based on other ferromagnetic electrodes (e.g. CoFeB, Heusler
alloys) or alternative barrier oxides (e.g. MgAl,Oy4, TiO,). The key is to tailor the growth and processing
conditions to either suppress unwanted oxidation or harness it in a controlled manner for enhanced
performance.
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Figure 8. Variation of the TMR as function of the number of MgO layers for different value of oxidation (x) at one interface while
the other is kept clean (Fe/FeO,/MgO/Fe).

7. Conclusions

In conclusion, we presented a comprehensive computational study that resolves the intricate effects of
interfacial oxidation on quantum transport in Fe/MgO/Fe MTJs. By employing a TB-LMTO-CPA meth-
odology augmented with vertex corrections, we moved beyond the standard mean-field treatment of dis-
order to capture the essential physics of coherent scattering and quantum interference.

Our key findings are threefold, (i) TMR suppression and functional alteration: interfacial oxidation
systematically degrades the TMR ratio and qualitatively alters its behavior, inducing bias-voltage asym-
metry and, under certain conditions, a sign inversion to negative TMR. This inversion signifies a cros-
sover, where the antiparallel configuration becomes more conductive than the parallel configuration.

(ii) Critical role of vertex corrections: the standard CPA, which describes coherent tunneling through an
effective medium, fails to account for the full impact of disorder. We have shown that the inclusion of
vertex corrections is essential because they quantify the dominant incoherent (diffusive) contribution to
transport. These corrections reveal the existence of disorder-assisted transport channels, which explains
the counterintuitive enhancement of transmission in asymmetric junctions and the prevalence of neg-
ative TMR. (iii) Implications for device design: the localization of these effects at individual interfaces,
confirmed by studies on asymmetric junctions, provides critical insights for device engineering. This
implies that the electronic properties can be tailored by independently controlling the oxidation pro-
file at each interface. Moreover, the finding that TMR degrades with barrier thickness in highly oxidized
junctions highlights the competition between coherent tunneling and incoherent scattering, guiding the
optimization of barrier properties.

This study bridges a significant gap between idealized theoretical models and experimental reality. By
providing a unified platform that accurately captures the impact of interfacial disorder, our framework
offers a powerful tool for predicting and engineering the transport properties of next-generation spin-
tronic devices, in which controlled oxidation can be leveraged as a design parameter rather than merely
a source of degradation.
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Appendix

A.1. Surface Green’s function

Suppose the magnetic multilayers system consists of non-random semi-infinite left (L) and right (R)
leads sandwiching a trilayer consisting of a u left layers and v right layers of a magnetic slabs and w
nonmagnetic layers as spacer. In the Tight-binding LMTO approach the auxiliary Green’s function is
expressed in terms of the structure constants S}L{j{, and potential function P as

g(kj,2) = [P(z) — S (k)] (A1)
where

Z—CRL

P (2) = App + (vre — Br) (z— Cre)

(A.2)

Assuming that the active part of the multilayer system consist of N = 1+ v+ w layers and that the
physical properties of all leads layers are identical, so-called embedding potentials I' [38] can be defined
for the first p=1 and the last layer p =N are given by

Sto (k) Ge (kj,2) So. (k) p=1
Ukj2) = Sinps (k) G (kp2) Svaw (k) p=N (A.3)
0

where Gy () is the bulk green function for left(right) lead. The auxiliary Green function, now, reads

Pi(z2) =S(ky) T (kj,z) p=1
g(k.2),, =1 P2 —S(k) 2<p<SN-1
PN(Z) — S(kH) I'n (kH,Z) p=N

and the off-diagonal elements are

(2 (kj.2)] 0 = =S5 (Ky) - (A4)

To include the bias in this approach we simply consider that the left leads and the first u layer are
shifted in energy by the bias V and that in the w nonmagnetic layer the potential drops linearly such,
if the u™ left layer position is 7; and the first magnetic left layer’s position is 7z, the potential drop for
each nonmetallic layers is given by:

|4 p<v
(R, —7)
(7, — i) K
0 p>v+w
This leads to replace the potential function P by
z+ V—Cg
<v
Agp + (yre — Br) (z+ V= Crr) Pr=
(R, —7) ¥
zZ+ WV—CRL
7L —TR).
Par (2.V) = Py (24 V,) = - R(ﬁ . v<pR<viw  (A6)
p_rR>-
Arp+ (e =B1) | 2+ ———="=V—-Cr
(7L —7&)
z—Cpr
>v+w
Agp + (vre — Br) (z— Cre) Pr

11
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and the embedded potential is replaced by

S (ky) Ge (kjz+ V) S5, (ky)  p=1
Ty (ky 2, V) = 0 Sk (ky) Gr (ky2) Sy (k) p=N - (A7)
0

The auxiliary Green’s function is now written as
P (z2,V) = S(k) - Ti(kj,z,V) p=1
—1 ~
[8 (k.2 V)], =4 Pp(2) =S (k) 1<p<N (A.8)
Py(z,V) =S (k) —Tn(k,z,V) p=N
and the off-diagonal elements are

(8 (k2. V)], = =S50 (K)) Opgsr. (A.9)

Furthermore, the transmission coefficients can be expressed as

T(ky.E V) = lim STr[B (B)g(e) By (B)g(= ) + By (B)g(z ) Bu(B)g(s4)]  (A10)

§—0+ 2

where B self-energy is the imaginary part of the embedded potential T’
By (K, E,V) =i [Ty (ky, 24, V) =T (K2, V)] (A.11)

and zy = E+1id. The current is given by :

62 1 pur+VvV
(V)= —— T (k,E E A.12
(V) hN|;/“R (ky,E,V)d (A.12)
I

A.2. Vertex correction

In this section we consider the same system as before, but the active N layers contains some disorder,
the expression of the transmission coefficient obtained now by averaging over the disorder (hereafter
zy ={k,E£i6,V} and a = {k,E,V} ), ie.

T (kj,E,V) = lim Tr(Bl( )g(z+)Bn(a)g(z—)+ B (a)g(z—)By(a)g(z4)) - (A.13)

§—0+ 2

The two leads are disorder-free, which means that both the self-energy I' as well as the anti-
hermitian part B remain the same as before (equations (A.7). and (A.11).), in this case the transmission
coefficients are:

. 1
T(ky B V) = lim T8, (a) (g(2) By (a)g(=) +g(e-) By (a) (22)). (A14)
We follow here the same derivation done by Carva et al [39]

(g(2+)B(a)g(z-)) =8(z1) B(a)g(2-) +8(24) T (24,2-)8(2-)- (A.15)

The transmission coefficient can decomposed into coherent transmission and uncoherent(vertex) trans-
mission. The coherent transmission is expressed in term of the averaged auxiliary Green’s function as

Teon (ky,E,V) = lim Tr[Bl( Vg (z4+)BN(E)g(z—) + Big(z—) BN (E) g (24)] - (A.16)

50+ 2

The vertex contribution to the conductance is expressed in the same way like Carva, but instead of
potential function P we take the potential function Pgr(z, V) and the Vertex-current is given by:

_ é S — L'l A LL'LiL, LL,
Iyc (V) = dE Y [gBgl,"A} " (0,E, V) [gBg], (A.17)
n

h R
pLL’p’L\L,

where

858, NukZ g () B ()8l () (A.18)
|

1oLi,La

12
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and

/ . . ! 1L2 1 — — !
AL (04 V) =6, [\, (E+i6,E—i6)] """ — N Stk (z)88t (2-) (A.19)
kj

where A have the same expression as in the appendix of Carva et al [39]
The Total current now is expressed as the same of both coherent and vertex current,

2 pLt+Vv
(V) = Iye (V) + = x E / Teon (ki E, V) dE. (A.20)
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