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We demonstrate that interfacial disorder in magnetic tunnel junctions (MTJs) has a dramatic ef-
fect on the bias behavior of both spin-transfer and field-like spin torques, leading to strong enhance-
ment, sign reversal, and bias asymmetry. The underlying mechanism lies on the impurity-induced
resonance energies which can be selectively controlled with alloying and/or bias. The predictions ex-
plain for the first time the experimental results in “dirty” junctions and have important implications
on exploiting further the alloying effect to optimize the current induced magnetization switching.

PACS numbers: 85.75.-d, 72.25.-b, 73.40.Gk
I. INTRODUCTION

Magnetic tunnel junctions (MTJs), consisting of two
ferromagnetic (FM) metal layers separated by a thin in-
sulating barrier (IB) layer, have attracted wide and sus-
tained interest due to their potential applications in non-
volatile magnetic-random access memories (MRAM) and
as magnetic-field sensors in magnetic hard disk drives!3.
Because of the limitations (scaling issue, cross talk, heat
diffusion, and poor reliability) associated with the exter-
nal magnetic field in the writing process of MRAM, the
recently discovered current-induced magnetization rever-
sal (CIMR)* 6 via the so-called spin torque effect, orig-
inally predicted by Slonczewski” and Berger®, is consid-
ered as a promising plausible solution. In ideal symmet-
ric MTJs we have predicted”!® an anomalous bias be-
havior of the spin-transfer torque, T}, which can exhibit
a sign reversal without a corresponding sign reversal of
the bias or even a quadratic bias dependence. On the
other hand, experiments indicate!' '3 that T reverses
sign on changing the current direction. Furthermore,
in asymmetric MTJs we have recently demonstrated'415
that the bias behavior of the field-like spin torque, 7',
can be selectively controlled via the asymmetry in band
filling between the FM leads, thus leading to a linear
and/or quadratic low-bias behavior in agreement with
experiment.!'6

Real Fe/MgO/Fe MTJs almost invariably are “dirty”
containing interfacial vacancies or structural defects that,
even if only present in a limited density, can dominate
both the tunnel magnetoresistance (TMR)*7 23 and the
zero-bias interlayer exchange coupling (IEC)?%. Recently,
Ikeda et al have reported?® that the room-temperature
TMR in CoFeB/MgO/CoFeB MTJs annealed at 525°C
increases to 604%, which approaches the theoretical
value?6-27.  This high TMR value has been attributed
to the high crystalline quality of the FM leads via the
annealing process. X-ray photoelectron spectroscopy?’
and three-dimensional atom probe studies?! have directly
observed the diffusion of B from the electrodes into the
MgO layer upon annealing, giving rise to the formation

of B oxide, the reduction of the Fe(Co) oxide and a con-
comitant enhancement in TMR. In contrast, electronic
structure calculations®® have shown that the presence of
B at the interface is detrimental to the TMR due to sig-
nificant suppression of the majority-channel conductance
through the A; state symmetry.

On the theoretical side, using the free-electron model
Manchon et al.?? studied the effect of a layer of impu-
rities in the barrier on the bias dependence of T and
TMR and the effect of the impurity energy level on the
zero bias of T'|. Birol et al.3% calculated the contribu-
tion to the spin-transfer torque in a MTJ from sequential
tunneling through interacting impurities and determined
the angular dependence of spin torques as a function of
the spin polarization of the ferromagnetic leads. Re-
cently, employing the tight-binding (TB) model and the
Keldysh formalism we have developed®! a computational
approach which allows the study of the effect of disor-
der in the barrier on the average spin transfer torque.
We have also demonstrated that the general expression
of the bias behavior of T} in terms of the interplay of the
average spin current densities in collinear configurations
[Eq. (1) in Ref.?1], remains valid even in the presence of
non-magnetic impurities. This in turn leads to a sinu-
soidal angular behavior of T).

In contrast to the monotonic variation of the density
of states (DOS) in the free-electron model employed in
Ref.??, the TB model employed in this work yields non-
monotonic DOS. Therefore, the free-electron model is
only correct in the low-bias and or low band filling regime
929 In addition, the bias voltage must be smaller than
the half bandwidth of the conduction electrons. Con-
sequently, neither the band filling-induced sign reversal
of the interlayer exchange coupling nor the oscillatory
bias dependence of T revealed in our TB calculations
in Refs. %15 can be obtained within the free-electron
model. Furthermore, the pure quadratic bias behavior
of T\ we predicted? is possible within the TB model due
to the bell-like form of the density of states [Fig. 1 of
Ref.10] at the interfaces.

In this study, we apply the computational method
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FIG. 1: (Color online) (a) and (b) Schematic of disordered
MTJs with a layer of non-magnetic impurities with on-site
gimp= 0.0eV at the first (last) IB layer at the left (right) in-
terface, I = a (I = b), under -0.25V (40.25V) bias. The red
and blue horizontal solid lines represent the bottom of the
majority- and minority-spin energy bands of the FM leads
, respectively, where A denotes the exchange energy split-
ting. The magenta and cyan solid circles denote the impurity-
induced resonance energies, F1 and F>. The net spin-transfer,
T, and field-like, 7', , components of spin torque on the right
FM lead are along Mg x (ML X MR) and Mj, x MR, respec-
tively, where M r(r) is the unit vector of the magnetization
in the left (right) FM lead. (c¢) and (d) The bias dependence
of F1 and F» for the impurity layers at | = a and | = b, re-
spectively. The bias window between the chemical potentials,
pr and pgr, of the left and right FM leads, respectively, is
denoted by the green shaded area.

which we have recently developed?!, and provide a com-
prehensive study of the effect of disorder on the bias be-
havior of both components of the spin transfer torque
for symmetric and asymmetric disorder configurations.
We demonstrate that non-magnetic interfacial point de-
fects have a dramatic effect on the average (T'| (V')) and
(Tj|(V)), including a strong enhancement, sign reversal,
and bias asymmetry. The underlying mechanism lies on
the impurity-induced resonance states, which can be se-
lectively controlled with bias and/or gate voltage and
impurity position.

II. METHODOLOGY

The calculations are based on the TB method and the
non-equilibrium Keldysh formalism. We consider single
and double impurity layers (indexed by their [th posi-
tion) inside the IB with impurity concentration ¢ ~ 2.7%.
The non-magnetic impurity scattering potential is of a J-
function form, i.e. W = Eimpd(t — 1) — sb} f, where g

and &;,p are the IB and impurity on-site energies, respec-

tively, i refers to an arbitrary layer inside the IB, and I
is a 2x2 unit matrix. We employ the same set of TB
parameters of our previous theoretical predictions®!® in
ideal symmetric and asymmetric MTJs, which provides a
realistic description of systems based on magnetic tran-
sition metals and their alloys.

The 2x2 Keldysh Green’s function spin matrix,
G<(7,i; 7", j), in the presence of disorder can be ex-
panded 3! in terms of the 'H‘-matrlces of the perturbing
impurity scattering potential, w. Here, ¢ and j denote
the coordinates along the transport direction (y-axis in
Fig. 1), and 7/, and 7’ are two-dimensional vectors
within the x-z plane. The 2x2 impurity retarded and
advanced scattering T-matrices are of the form,

respectively. Here, G and G are the 2x2 retarded and
advanced Green’s function matrices in the clean MTJs,
and ﬁ)) and [ denote the impurity’s coordinates paral-
lel and perpendicular to the interface, respectively. The
impurity-induced resonant energies correspond to the ze-
roes of the determinant of the denominators in Eq. (1),
which can be written as,

”j_WG( 0717%71)” =
[1_WGM(%7Z§pOa ) [1 ’LUG‘L‘L(%,L%J)} -

w?GT(p6, 15 6, DGV (P61 pi, 1)
~ 1= wG™ (55,196, )] [1 — wG (58, 196, )], (2)
because G (53,1594, 1) is very small due to the fact
that the impurity site [ is inside the barrier. Here,
w = (€imp — €p). The product of the bracket terms in
the above equation is quadratic in energy leading to the
two poles E; and E5. Note however, if the impurity
site [ is away from the FM/IB interfaces, then E; ~ FEs
since G;DT R G# for non-magnetic IB. Since we consider
a layer of impurities with concentration c, the transport
along the y-axis can be determined from the average per-
turbed Keldysh Green’s function, (G<) , which can be
determined by integrating over 7 (namely integrating
over the in-plane unit area J) and multiplying by the
concentration c of impurities 31:32. More specifically, the
average net (1)) and (T'.) on the right FM lead can be

determined from3!

et A
roag [ TrG5) - (€5,
3)
where o' is the first site of the right FM lead, b is the
last site in the IB, o= (04,0,,0) is the vector of the
2x2 Pauli matrix and k is the transverse component of
the wave vector. For the case of two impurity layers at
the left I = @ and right I = b FM/IB interfaces, the
(T);) and (T'y) are simply the sum of the single a- and b-
layer contribution. A more appropriate treatment of the
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FIG. 2: (Color online) (a) Bias behavior of T (6 = 7/2)
per unit interfacial area, [, for the clean MTJ, and of
(T'L (0 = 7/2)) for a single impurity layer at the left (I = a)
and right interface (I = b), and for two impurity layers at
both interfaces, (I = a,b), with €;mp=0 V. (b) Bias behavior
of (T'L (0 = 7/2)) for the two impurity layers | = (a,b) with
eimp = (1) 0 eV, (ii) 0.2eV, (iii) 0.4eV, and (iv) 0.6 eV, respec-
tively. The dashed and solid arrows, Vy and V;., denote the
critical forward and reverse bias at which the interfacial impu-
rity resonances enter the bias window where (T'| (V)) reaches
its minimum. The green shaded area denotes the low-bias
region.

disorder is the coherent potential approximation (CPA)
approach for the alloy, rather the simpler approach we
employed of a system of noninteracting impurities.

IIT. RESULTS AND DISCUSSION

In Figs. 1(a) and (b) we show schematically the two
cases of disorder, where a single layer of non-magnetic
impurities with on-site €;,,=0 is at (a) the first IB layer
(I = a) at the left FM/IB interface under -0.25V bias and
(b) the last IB layer (I = b) at the right IB/FM inter-
face under +0.25V bias, respectively. The magnetization
of the right, Mg, and left, My, semi-infinite FM leads
sandwiching the IB, are along the z and x directions,
respectively, with the y direction normal to the FM/B
interface. Under a rotation operation of My, along the di-
rection of Mg the majority- (minority-) energy bands of
the left lead acquire an additional minority- (majority-)

energy band contribution, shown with the blue (red) ar-
rows in the left lead in Figs. 1(a) and (b) . The magenta
and cyan solid circles denote the impurity-induced reso-
nance energies, Fq, and Fs, of the T-matrices in Eq. (1),
respectively. The bias dependence of E; and Es for the
two cases of disorder are plotted in Figs. 1(c) and (d), re-
spectively, where py, is fixed at the Fermi energy, Er =0
eV, ur = eV varies linearly with bias, and the green
shaded area denotes the energy window between pj and
pr. For [ = a both F; and FEs are independent of V,
because the impurity layer is at the left interface where
pr = Er. In sharp contrast, both F; and Fs vary lin-
early with V' when the impurity layer is at the right in-
terface, following the bias dependence of pp.

In Fig. 2(a) we compare the bias behavior of T (0 =
w/2) for the clean MTJ with the average (T (6 = 7/2))
for disordered (gimp= 0) MTJs with a single impurity
layer at the left (I = a) or right (I = b) interface and two
impurity layers (I = a,b) at both interfaces. A single im-
purity layer at the left (right) interface changes the purely
quadratic bias behavior of the clean MTJ to an asymmet-
ric one, exhibiting a dip at ~ V,=-0.25V (V;=40.25V)
and a sign reversal in the negative (positive) bias regime.
This is due to the fact that the impurity-induced reso-
nance energies, F; and Fs, enter the bias window when
V < —=0.25V (V > 4+0.25V) [Figs. 1(c) and (d)], thus en-
hancing the average field-like spin torque. On the other
hand, in the positive (negative) bias region, where both
E, and E, lie outside the bias window, (T (V')) exhibits
a nearly quadratic bias behavior similar to that of the
clean MTJ.

We have demonstrated that the asymmetry in the
bias behavior of T'| (V) can be controlled by changing
the band filling or the energy barrier between two FM
leads!*. Thus, the asymmetric bias behavior of (T') in
Fig. 2(a) arises from the impurity-induced resonance en-
ergies which in turn modify the barrier heights for the two
FM leads. Furthermore, (T (I = a,V < 0)) ~ (T (I =
b,V >0)) (TL(l=a,V >0))~(T (I=5b,V <0))) due
to the fact that the impurity-modified barrier heights for
the left (right) FM lead for | = a (I = b) is equal to
that for the right (left) FM lead for Il = b (I = a). In
sharp contrast, the two impurity layers at both the left
and right FM/IB interfaces render the MTJ and the bias
behavior of (T' (I = a,b)) = (3, TL(1)) symmetric. In
addition, (T'; ) exhibits a sinusoidal angular behavior for
all asymmetric and symmetric disordered MTJs, similar
to that of the clean junctions.

In Fig. 2(b) we display the bias behavior of (T (¢ =
w/2)) for the case of a symmetric (I = a,b) disordered
MTJ for various values of €;,,,. The dashed (solid) ar-
rows, Vs (V;), denote the critical forward (reverse) bias
at which E; and Fs of the single impurity interface layer
enter the bias window where the spin torque reaches its
minimum. The linear variations of Ey and Ea with €;pp,
ie. By = —0.3eV +0.9¢immp and Ey = —0.2eV 4 1.1€4myp,
give rise to a shift of both critical biases which in turn
have a dramatic effect on the bias behavior of (T, ). The
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FIG. 3: (Color online) (a) Bias dependence of T (0 = m/2)
for the clean MTJ and of (T} (6 = m/2)) for the disordered
(eimp=0 €V) MTJ with a single impurity layer at the left
(I = a) or right (I = b) interface and with two symmetric left
and right interface impurity layers, (I = a, b), respectively. (b)
Bias behavior of (T)(# = 7/2)) for the symmetric disordered
MTJ with €imp = (i) 0 eV, (ii) 0.2eV, (iii) 0.4eV, and (iv)
0.6eV, respectively. The dashed and solid arrows, Vy and V,,
represent the forward and reverse bias at which the interfacial
impurity resonances enter the bias window where (T'| (V))
reaches its minimum. The green shaded area denotes the
low-bias region.

most striking feature in Fig. 2(b) is the low-bias (shaded
green region) behavior of (7| ) which can change from
purely quadratic with positive or negative curvature to
an almost bias-independent behavior. More importantly,
the symmetric interfacial disorder not only gives rise to
an enhancement of (7'} ) compared to that in clean MTJs,
but it can also lead to the sign reversal of (T} ) with &;pp.
These intriguing alloying effects offer an important exter-
nal electronic handle through which the bias behavior of
the average IEC can be exploited in future CIMR appli-
cations.

In Fig. 3(a) we show the bias dependence of the spin-
transfer component, 7 (0 = m/2), for the clean MTJ and
compare it with the average (T) (0 = m/2)) for the disor-
dered (gimp=0) MTJs with a single impurity layer at the
left (I = a) or right (I = b) FM/IB interface and with two
symmetric interfacial impurity layers (I = a,b), respec-
tively. As in the case of (T'| ), for the single impurity layer
at the left (right) interface there is a significant change of

(T)) in the negative (positive) bias range, where the spin-
transfer component exhibits a non-monotonic behavior
reaching its minimum at -0.35V (+0.35V) and a two-
order enhancement compared to its value for the clean
MTJ. On the other hand, the bias behavior in the pos-
itive (negative) window remains similar to that for the
clean junction. This is due to the impurity-induced res-
onance energies entering the bias window, thus enhanc-
ing the transmission of the left (right) flowing electrons
shown in Fig. 1(a) and (b). In Fig. 3(b) we present
the bias dependence of (T)(6 = 7/2)) for the symmetric
(I = a,b) disordered MTJ for various values of &;,p. As
in the case of (T'.), the shift of the resonance energies
via alloying leads to a dramatic variation of the low-bias
behavior of (7)) from linear to quadratic.

Moreover, we have demonstrated that the general ex-
pression of the bias behavior of (T}) [Eq. (1) in®'] re-
mains valid even in the presence of disorder, but where all
quantities are replaced with their average values. Thus,
(7)) is directly related to the spin current densities in
collinear configurations, which can in turn lead to the
enhancement of (7). On the other hand, (T ) is related
to the interplay between the four non-equilibrium inter-
layer exchange couplings in collinear configurations*?.

Our calculations demonstrate that for our parameter
set, when 0 < €np — EF < 0.6 eV, and the impurity-
induced resonance energies lie outside the bias window,
both (T}) and (T'\) for symmetric (I = a,b) disordered
junctions exhibit a low-bias (]V| < 0.2V) behavior sim-
ilar to that of the clean MTJs, and agree qualitatively
with the experimental measurements in the low-bias re-
gion 113, The formation of a B oxide and the reduction
of the Fe (Co) oxide at the interface reported in recent x-
ray photoelectron spectroscopy 2" and three-dimensional
atom probe studies 2!, is similar to our case of symmetric
(I = a,b) disordered MTJs. However the crystal struc-
ture of the Mg-B-O region remains unknown and where
the boron resides after sputtering and subsequent an-
nealing has remained a mystery. Recent ab initio cal-
culations of the ordered magnesium borate (MgyB2Oj)
in its monoclinic and triclinic structure indicate that
the sharp peaks at the bottom of the conduction band
are due to B/p states 33. However, the position of the
B-impurity energies in the actual FeCoB/MgO/FeCoB
MTJs remains unresolved. Thus, the current studies of
the effect of disorder on the bias behavior of both com-
ponents of spin torque where the on-site energy of the
impurity is treated as a parameter may serve as simple
guiding rules for future experimental studies.

IV. CONCLUSION

In conclusion, we presented for the first time calcu-
lations of the crucial effect of asymmetric and symmet-
ric interfacial disorder on the bias behavior of the spin-
transfer and field-like components of the spin torque. We
have demonstrated that this can lead to strong enhance-



ment, sign reversal, and bias asymmetry, and have elu-
cidated that the underlying electronic mechanism is the
impurity-induced resonance energies. These findings may
motivate further experimental studies of the crucial al-
loying effect so as to tune the bias behavior of both spin
torque components and hence optimize the CIMS.
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