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We have generalized the nonequilibrium Green’s functions Keldysh formalism to study the effect
of interfacial disorder on the average spin transfer torque, (7)), in magnetic tunnel junctions
(MTJs). We find a sinusoidal angular behavior of the average (7)) as in ideal MTJs. We
demonstrate for the first time that the general expression of the bias behavior of the average (T)) in
terms of the interplay of average spin current densities in collinear configurations is valid even in
the presence of disorder. This explains the strong enhancement and sign reversal of (7)) in the
positive bias region, due to the disorder-induced resonance states at interface which selectively

assist the transmission of right-coming electrons.

[doi:10.1063/1.3565396]

. INTRODUCTION

Noncollinear magnetic tunnel junctions (MTJ), where
the magnetization of the left and right ferromagnetic (FM)
leads, separated by a thin insulating barrier (IB), form an
angle 0, are of current interest. This is due to the recently dis-
covered current-induced magnetization reversal'™ via the
so-called spin torque, which is relevant to a wide variety of
applications in nonvolatile magnetic-random access memo-
ries and microwave oscillators.*°

We have recently demonstrated that the bias dependence
of spin-transfer torque component, T, which is parallel to
the plane of the magnetizations of the left and right FM
leads, in both ideal”® and asymmetric9 MT]Js has the general
expression

11)(AF) — 1) (FM)

T)(0) = 5

X sin 0, (1)

in terms of the spin current density, /)[FM(AF)] =L
{I"[FM(AF)] — I'[FM(AF)]}, of the FM and antiferromag-
netic (AF) configurations. This suggests that the bias behav-
ior of the noncollinear Tj(0) can be decomposed as the
interplay between four independent nonequilibrium spin-
polarized current densities, I°, solely in the FM and AF col-
linear configurations.

However, actual MTJs contain large amounts of disorder
in the electrodes, in the barriers, and at the electrode/barrier
interfaces. For example, both experimental'®'? and theoreti-
cal'® studies in MgO-based MTJs, have shown that oxygen
vacancies and other structural defects inside the MgO barrier
may strongly affect the tunnel magnetoresistance (TMR). On
the other hand, there has been less attention of the effect of
disorder on the bias dependence of the fieldlike, T L,M and
spin-transfer, T ,'> components of the spin torque.

In this work, we employ the single-orbital simple-cubic
tight-binding (TB) method and the nonequilibrium Keldysh
formalism to understand the bias and angular dependence of
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T) in the presence of disorder in MTJ. The treatment of
charge- and spin-transport properties of disorder MTJ is a
generalization of that introduced by Caroli er al.'® for non-
magnetic leads, based on an extension of the Keldysh for-
malism to the noncollinear configurations.®

Il. METHOD

For a single impurity at (pg, /), where p, and [ denote
the impurity’s coordinates parallel and perpendicular to the
interface, respectively, the scattering potential is of the
d-function form,'” i.e., W = [impo(i — 1) — sh]f. &imp (&) 1S
the impurity (IB) on-site energy, i refers to an arbitrary layer
inside IB, and / is the 2 x 2 unit matrix. The perturbed
Keldysh Green’s function 2 x 2 matrix in spin space, G,
can be expressed as

G<(p,i;7",) =

.
0
G(P,i:p0, ) T=G(pg, .7, )). ()

where G, G and G< are the 2 x 2 retarded, advanced, and
Keldysh Green’s function matrices in ideal MTJ, respectively.
i and j denote the coordmates along the transport direction
(y-axis), and p’, and p’ p are two-dimensional vectors within
the x-z plane. The three 2x2 T matrices are TF =W
[ —WG(pg,1; 7, )] , T =W —WG(pg, 1 pg, )], and
T<=T G<(p07l 005 )TA The poles of these T matrices
can give rise to the impurity-induced resonance states at the
IB/FM interface, which may strongly affect not only the
charge transfer property but also the spin torque effect. In
addition, these impurity-induced resonance states can be
tuned via external bias and the impurity on-site energy, lead-
ing to anomalous bias behaviors of both I*) and Ty.
Considering a layer of impurities with concentration,
¢ = Nipp /N, where Njmp and N are the number of impurities

© 2011 American Institute of Physics
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and the total number of atomic sites per unit interfacial unit
area, [, the average of Eq. (2) can be determined by inte-
grating over p’ and multiplying by c. Since we only consider

the transport along the y-axis, one can set p’ = p’, the aver-
age value of Eq. (2) can be recast in the form of

(G=(7i:7".))

GE(ir)) +— {ZGk i) TAG(1,))
k

Gi(i, ) TG (1) +ZGk NT<G(Li)} ()

w-M 2|’_‘

In analogy with the ideal case,’ the average net (T)) and
(1 §“>> on the right FM lead per unit interfacial area, [J, in dis-
order MTJs can be simply expressed as the x and z compo-
nents of the average spin current density at the right IB/FM
interface, respectively, i.e.,

(1)) = s | PG5 — (G wlasa @)
and
—et 2 < e
1) = ooz | PG5, - (G elasa. )

Here, o is the first site of the right FM lead, b is the last site
in the IB, ¢ = (0, 0y, 0;) is the vector of the 2 x 2 Pauli ma-
trix, k| is the transverse component of the wave vector, and
the energy integral is over occupied states.

In this study, we consider the case of a layer of nonmag-
netic impurities placed in the last IB layer next to the right
IB/FM interface, i.e., [ = b, with &, = 0.0eV, where the
Fermi energy is set to zero. We apply the same TB energy
parameters used in Ref. 9, which provides a realistic choice
for systems based on magnetic transition metals and their
alloys® and gave an excellent agreement for the bias depend-
ence of both T and T between our previous theoretical pre-
dictions’ and experiment. '

lll. RESULTS AND DISCUSSION

In Fig. 1, we present the bias behaviors of (I!*)(FM))
(black solid curve) and (I)(AF)) (gray solid curve) for
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FIG. 1. Bias dependence of (I)(FM)) (black solid curve) and (I!*)(AF))
(gray solid curve) for disorder cases with 0 = 7/2 and &, = 0.0eV.
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FIG. 2. Bias dependence of 7}(0/2) (black dashed line) for the ideal case
and (T (0/2)) (black solid line) for the disorder case calculated by Eq. (1) in
(Ref. 9) and Eq. (5), respectively. The gray solid circles represent (T} (0/2))
for the disorder case calculated by Eq. (1) with 6 = 7/2.

disorder cases with 0 = 7/2 and &imp = 0.0eV. Unlike the
linear and quadratic bias dependence of I! in ideal MTJs
(Figs. 4(b) and 4(c) of Ref. 9), (I*)(FM)) and (I)(AF))
both exhibit very distinct bias behaviors especially in the
positive bias region. This is due to the fact that under posi-
tive bias (electrons flow from the right to the left FM lead),
the transmission of the right-flowing electrons is strongly
affected by the impurity-induced resonance states at the right
IB/FM interface. On the other hand, in the negative bias
region, the smaller contribution from the impurity-assisted
right-flowing electrons leads to similar bias behavior in ideal
case.

In Fig. 2, the bias dependence of 7} (0/2) for the ideal
case calculated from Eq. (1) in Ref. 9 and (7}(60/2)) for dis-
order case calculated by Eq. (5) are displayed in black dashed
and solid lines, respectively. The gray solid circles are calcu-
lated from Eq. (1) with 0 = 7/2 for disorder case. The excel-
lent agreement between the black solid lines and gray solid
circles indicates that the general Eq. (1) is valid. In Fig. 3, we
present the angular dependence of (7)) in disorder case under
bias (a) —0.2 V and (b) 0.2 V. Similar to the ideal MT]J, the
sinusoidal angular behavior still holds, which is in agreement
with Birol’s results at low spin polarization.'”> Therefore, our
numerical results demonstrate that the general expression
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FIG. 3. The angular dependence of (T) in disorder cases under bias (a)
V=-0.2Vand (b) V=0.2 V. 0 is the angle between the magnetizations of
two FM leads.
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Eq. (1) is valid even in the presence of disorder and hence the
bias behavior of (7)) simply reduces to the interplay of the
average spin current densities in the collinear configurations.
In addition, as shown in Fig. 2, the strong enhancement
and the sign reversal of (T)(0/2)) only in the positive bias
region, results from the disorder-induced resonance states at
the right FM/IB interface. This gives rise to a disorder-induced
enhancement of (7(0/2)) at 0.3 V by a factor of about 50
compared to the ideal MTJ (Fig. 4(a) of Ref. 9). In contrast, in
the negative bias regime the magnitude and bias behavior of
(T (0/2)) almost remain the same as in the ideal case.

IV. CONCLUSION

In conclusion, we present an implementation of the gen-
eralized Keldysh Green’s function method to calculate the
angular and bias dependence of the average spin transfer tor-
que, (7)), for a layer of nonmagnetic impurities at the right
IB/FM interface of the MTJ. We find that (T) has a sinusoi-
dal bias behavior as the ideal case. Our numerical results
demonstrate that the general expression Eq. (1), is valid even
in the presence of disorder and hence the bias behavior of
(T)) simply reduces to the interplay of the average spin cur-
rent densities in the collinear configurations. The disorder-
induced resonance states at the right IB/FM interface yield a
strong enhancement including a sign reversal for both (I7)
and (7)) in the positive bias region, due to the larger contri-
bution from the right-coming electrons.
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