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We predict an oscillatory bias behavior of the fieldlike spin torque, 7|, in magnetic tunnel junctions,
which can be selectively controlled via the asymmetry in band filling between the ferromagnetic leads.
This can lead to a linear or quadratic low-bias behavior, including tuning the bias-induced reversal of 7', .
These findings reconcile the apparently contradictory experimental results recently reported in the
literature. The underlying mechanism for the nonequilibrium interlayer exchange coupling (IEC) of
noncollinear configurations is the interplay of four independent IEC for the majority- and minority-spin
bands of the leads solely in the ferromagnetic configuration.
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The current-induced magnetization reversal (CIMR) in
magnetic tunnel junctions (MTJ) via the so-called spin-
transfer torque (STT), originally predicted by Slonczewski
[1] and Berger [2], has attracted intensive investigations
both experimentally [3-7] and theoretically [8—11]. The
CIMR offers the promise for making nonvolatile magneto-
resistive random access memory devices (MRAM), in
which information is written using the STT effect rather
than the field-induced magnetic switching.

The spin torque can be decomposed into a fieldlike, 7',
and a spin transfer, 7|, components both orthogonal to the
magnetization of the free ferromagnetic (FM) lead, where
the first (latter) are perpendicular (parallel) to the plane of
the magnetizations of the left and right FM leads, but with
different bias behavior. For example, while recent experi-
ments indicate [5-7] that 7)| reverses sign on changing the
current direction, we have recently predicted an anomalous
bias behavior, where T, can exhibit a sign reversal without
a corresponding sign reversal of the bias or even a qua-
dratic bias dependence [8]. Unlike spin valves, where
T, < T, Ty = T in MT], thus playing also an important
role in the CIMR [5-7].

The bias behavior of T , directly related to the nonequi-
librium interlayer exchange coupling (IEC), remains un-
resolved and controversial. On the theoretical side, the
pioneering work of Slonczewski [1] showed that for sym-
metric MTJ at zero bias, T, can change sign with decreas-
ing potential-barrier height. Recent calculations [8,10,12]
have predicted a purely quadratic bias dependence of 7| in
symmetric MTJ, with d>T | (V)/dV? <0 for any value of
band filling (BF) and exchange interaction. On the experi-
mental side, Sankey et al. [5] and Kubota et al. [6] have
measured recently the bias dependence of 7, in
C060F620Bzo/MgO/C060F620B20 MTJ, where the thick-
ness of the free FM layer and the barrier are slightly
different. They both find a quadratic bias dependence of
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T, in agreement with theoretical calculations [§—10], but
with an apparently different bias curvature, presumably
due to the different sign convention employed for the
direction of both components of the STT. On the other
hand, Petit ef al. [7] observed a linear bias dependence of
T, in a CoFe/Al,O5/CoFe MTJ. Thus, despite its impor-
tance in CIMR applications, the bias behavior of T re-
mains unresolved.

The purpose of this Letter is to understand the under-
lying electronic mechanism that controls the bias behavior
of T, and reconcile the origin of the experimental con-
troversies, without invoking the recently proposed inelastic
effects [13]. We predict that 7| oscillates with bias which
can be tuned via the MTJ asymmetry. We find an interest-
ing low-bias behavior of IEC, ranging from linear to qua-
dratic bias dependence, with positive or negative bias
curvature, including tuning the bias-induced reversal of
T,. We derive a novel general expression relating the
bias behavior of T, in noncollinear MTJ with that of
collinear [FM and antiferromagnetic (AFM)] configura-
tions, independent of the details of the electronic structure.
We demonstrate that the wide range of bias behavior of
IEC in noncollinear MTJ can be understood by the inter-
play of four independent 1EC, Jgﬁ/ associated with the
majority- and minority-spin channels, o, ¢’ =1, |, of
the two leads solely in the FM configuration. The bias
dependence of the IEC components can be selectively
tuned with the BF of the free and pinned FM layers, thus
opening a new avenue for controlling experimentally 7' .

The magnetization of the right, Mg, and left, My,, semi-
infinite FM leads sandwiching the 5-layer nonmagnetic
insulating barrier (B), are along the z and x directions,
respectively, as shown in Fig. 1. The y direction is normal
to the FM/B interface (x-z plane). Under a rotation opera-
tion of M;j, along the direction of My the majority-
(minority-) energy bands of the left lead acquire an addi-
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FIG. 1 (color online). Schematic of asymmetric MTJ, where
the magnetization, Mg, of the right FM lead is along z, while
that of the left FM lead, My, is rotated by the angle # around the
y axis with respect to M. The asymmetry energy parameter and
the exchange spin splitting are denoted by & and A, respectively.
The red and blue horizontal solid lines represent the bottom of
the majority- and minority-spin energy bands, respectively.
Upon rotation of My along My, the majority- (minority-)
energy bands of the left lead acquire minority- (majority-)
energy contributions. The noncollinear, 7, (6), can be expressed
in terms of four independent nonequilibrium IEC, JEM, J%:M, JEM,
and JgM, solely in the FM configuration. The AFM configuration
can be obtained by exchanging the majority and minority bands
of the left lead.

tional minority- (majority-) energy band contribution,
shown with the blue (red) arrows in the left lead in
Fig. 1. We employ the single-orbital simple-cubic tight-
binding (TB) method and the nonequilibrium Keldysh
formalism to determine the nonequilibrium 7', . The TB
nearest-neighbor spin-independent hopping matrix ele-
ment, = —0.4¢eV, in all regions and the spin-
independent on-site energy of the barrier is 5 = 5.4 eV.
The choice of parameters provides a realistic choice for
systems based on magnetic transition metals and their
alloys [12]. The MTJ asymmetry in BF is introduced by
rigidly shifting the majority- and minority-spin on-site
energies, e, of the right FM lead by the asymmetry energy

parameter, 0 = s%l) - aTL(U, relative to those of the left

FM lead, where sTL = 0.6 eV and le = 1.2 eV. Experi-
mentally, this could be achieved through alloying Fe (Co)
with impurities which can fill up the majority A; band. In
order to minimize the model parameters, we use the same
exchange splitting, A = le(R) — sTL( ) for both leads,
shown schematically in Fig. 1. The effect of external
bias, V, is to shift the chemical potential of the right lead
with respect to that of the left lead, up — u; = eV, where
pp is fixed at the Fermi energy, Ep = 0 eV.

The net fieldlike spin torque on the right FM lead per
interfacial unit area, [, is the sum of the local spin torques,
T, ;, which can be simply expressed as the y component of
the spin-current density at the right B/FM interface [8,12]

T, f (G ), — Gy o)o JdEdK). (1)

1673
Here, G~ is the 2 X 2 Keldysh Green’s function matrix in
spin space, the subscripts b and o' refer to the last site
inside the barrier and the first site in the right FM electrode,
respectively, o, is the y-component of the Pauli matrix, k
is the transverse component of the wave vector, and the
energy integral is over occupied states. Because of the
rapid decay of T, ; from the B/FM interface [14], the net
torque for a finite FM lead of thickness >4 nm is about the
same as that for a semi-infinite lead.

The Keldysh Green’s function matrix in Eq. (1) can be
expressed as

55, — Crw = PI'DY 80802785 + 2788

— 818k — 818x) (2
where &7 = fLwlél g — &1 r) and gg(“,g) is the re-
tarded (advanced) surface Green’s function matrix of the
isolated semi-infinite left (right) lead quantized along M.
fi(E) and fgr(E — eV) are the Fermi-Dirac distribu-
tion functions of the left and right leads, respectively,
where V is the external bias, §;; = g,»jf is the Green’s
function matrix of the isolated barrier which is real, I is
the 2 X 2 unit matrix, and the sites i, j = a, b refer to the
first and last sites in the barrier. D"@ = [(I — 2 gz@ 8aa) X
(7= Pgr"8m) = *8u@sa8] " 8x"). and [D'D*]~1 in
the limit of thick barrier. Substituting Eq. (2) into Eq. (1),
T, can be expressed as

Ty~ —sinf[Jly + T — Ty — Il 3

where 6 is the angle between My, and My. The nonequi-
librium IEC, J&7 , between the o- and o”-spin states in the
left and right leads, respectively, in the FM configuration
are given by

4
o [ Srasal /i (BNmg; Relgi” "}

+ fr(E — eV)Re{g7 " Hm{gr” ™ }dk  dE.
4)

Equations (3) and (4) are general and independent of the
electronic structure of the FM leads, and demonstrate for
the first time that the bias dependence of 7'; in the non-
collinear configuration can be expressed in terms of four
independent nonequilibrium IEC solely in the FM (6 = 0)
collinear configuration. Our numerical results show that
JEG are independent of the remaining spin states, & and
d', of the left and right leads, which therefore can be
removed from the calculation by placing them high in
energy. Thus, as shown in Fig. 1, J]T:TM = JﬂFM, J%;TM =
JEFM’ J;lM = JQFM’ and J%JLM = JI\lFM'

We first examine the effect of BF asymmetry, &, on the
zero-bias behavior of T'; (6 = 77/2). The two terms of the
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integrand in Eq. (4), proportional to f;(E) and fr(E —
eV), represent the left (L) and right (R) reservoir contri-
butions, 7% and 7%, to the total T, = T{** =T} + T%,
respectively. In Fig. 2(a) we present the energy dependence
of T% (E), T} (E), and T, (E) (integrated over k) for 8 =
0.0 eV and 0.6 eV. Since T is directly related [15] to the
net IEC, J = [E(FM) — E(AFM)]/2, where E(FM) and
E(AFM) are the total energies of the FM and AFM con-
figuration, respectively, the entire energy spectrum of oc-
cupied states contributes to the IEC. For symmetric MTJ
and zero bias, T (E) = TR (E) exhibit a broad positive
peak at about —0.1 eV. On the other hand, for 6 =
0.6 eV, T (E) develops a wide negative dip around
—0.5 eV, whose origin lies primarily on the dramatic
change of Tf (E), which becomes negative over the entire
occupied energy spectrum. This in turn changes 7| (V =
0) from 0.2 peV/] for § =0 to —0.1 peV/ for § =
0.6 eV, shown in Fig. 3(a). In Fig. 2(b) we display the zero-
bias k-resolved T'; integrated over occupied states for
8 =0.0 and 0.6 eV. For symmetric MTJ T} =T} are
positive in a narrow ring around the I" point and become
negative around k|| ~ /2. For 6 = 0.6 eV, T’j_ becomes
more positive in a smaller area around the I" point, while
Tf changes to negative in a wide area around kj = 0.
These results show that 7, (V = 0) can be tuned via the
BF asymmetry between the L and R FM leads, due to the
different k|| and energy dependence of 7% and T%.

We next examine the low-bias (|V| = 0.4 V) behavior of
T, which has also been investigated experimentally. In
Fig. 3(a) we present T, (# = 7/2) versus bias for various
values of the asymmetry energy parameter, 6. The solid
points and curves denote 7| calculated from Eqgs. (1) and
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FIG. 2 (color online). (a) Energy dependence of the L and R
contributions, T4 and T%X, for § = /2, to the total T, =
Ti*R =TE + TR, at zero bias for 6 =0.0 and 0.6 eV.
(b) kj-resolved L and R contributions, Ti(R), integrated over
occupied states, for § = 0.0 eV and 6 = 0.6 eV, respectively.

(3), respectively, demonstrating the excellent agreement
between these two computational schemes. The most strik-
ing and unusual feature is the dramatic change of the bias
behavior of 7| with asymmetry, which in the low-bias
limit can vary from purely quadratic dependence with
negative bias curvature for the symmetric case (6 =
0.0 eV), to linear with negative slope for 6 = 0.6 eV,
and quadratic dependence with positive bias curvature for
6 = 0.9 eV. These results reconcile the apparently contra-
dictory experimental results in Refs. [5—7]. Furthermore,
the asymmetry has a large effect both on the zero-bias T |
and the bias-induced reversal of the IEC. Thus, the BF
asymmetry between the left and right leads may have
important practical implications on controlling the bias
behavior of the IEC, which may bring a new aspect in
the writing process in MRAM.

Since Eq. (3) indicates that 7'; (V) is determined by the
interplay of the four IEC in the FM configuration, we
display in Fig. 3(b) the low-bias behavior of —Jg (o,
o' =1, 1) for symmetric (6§ = 0.0 eV) MTJ. Both —JTFTM
and —J%}M exhibit quadratic bias behavior with maximum

—
Q)
~
o
S
T

0=0.0eV T

T, (peV /()

—
(=2
—

[EC (peV /(1)

1
-04 -03 -02 -01 00 01 02 03 04

Bias (V)

(©) os 5
) 08
; 0.4
g o2
;—' 0.0
0.2

-1.5‘ - ‘-1.0‘ - ‘-0.5‘ ' 0.0 0.5
Energy (eV)

FIG. 3 (color online). (a) Low-bias (|V| = 0.4 V) behavior of
T, (6 = 7/2) with £} =0.6 eV and &) = 1.2 eV and for § =
0.0, 0.6, and 0.9 eV. The solid points and curves are calculated
from Egs. (1) and (3), respectively. (b) Bias dependence of the
1IEC, — gﬁ/ (o, o’ =1, 1) in the FM configuration, calculated
from Eq. (4), in symmetric (6 = 0.0 eV) MTJ. (c¢) Energy
dependence of T, for 6 = 0.0 eV and for V = —0.2, 0, and
0.2 V, respectively. The blue, black, and red vertical lines refer to
Mg, for the above bias values, while u; is fixed at Ep = 0 eV.
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FIG. 4 (color online). High-bias (|V| = 1.5 V) oscillatory be-
havior of T, (9 = 7/2) with &} = 0.6 eV and &} = 1.2 eV and
for various values of 4. Inset: T, versus shifted bias, Vs,
where Vi = V + ¢8, with ¢ = 0.7.

value at zero bias, due to the same BF of the left and right
leads. The different curvatures and zero-bias values are due
to the different BF of the T -spin and | -spin bands. On the
other hand, JI}M(i V) = JEM(IV), because the majority
(minority) bands of the left lead are separated by *A
compared to the minority (majority) bands of the right
lead. This energy splitting is also responsible for their
bias shift and the nonpurely quadratic bias dependence.
Interestingly, even though each IEC has a complex bias
dependence, their algebraic sum has a purely quadratic
behavior for |V| = 0.4 V.

In order to understand the bias-induced origin of 7', , we
show in Fig. 3(c) the energy dependence of 7| in sym-
metric MTJ for V = —0.2, 0.0, and 0.2 V, respectively. The
blue, black, and red vertical lines represent wp for the
above bias values and p; = 0. The energies that lie within
the bias window between w; and g, denoted by the red
(blue) shaded area in Fig. 3(c) under positive (negative)
bias, contribute to the current-induced 7 ;. The positive
(negative) bias induces a shift of the zero-bias positive
peak of 7| near Er towards higher (lower) energy and
decreases its height. Furthermore, the bias induces a nega-
tive dip in the energy range of u; — ugr = +V near Ef.
This is due to the fact that TX(E) <0 [T} (E) <0] for
positive (negative) bias, because the energy states of the
right FM lead are higher (lower) than those of the left FM
lead. This behavior is analogous to the zero-bias effect of
BF in Fig. 2. Both these effects result in a bias-induced
decrease of T and hence d°T (V)/dV?* <.

Finally, we investigate the large-bias (|V| = 1.5 V) be-
havior of the IEC, which has not yet been explored experi-
mentally. As shown in Fig. 4, we predict that T'; (0 = 7/2)
exhibits a symmetric (asymmetric) oscillatory bias behav-
ior for § =0 (6 # 0), with a period which increases

linearly with 6. We find that the bias dependence of T
for & # 0 is shifted by AV = F¢4 [minus (plus) sign for
positive (negative) 8] compared to that of the symmetric
MT]J. The constant ¢ depends on the majority and minority
bands of the left lead (¢ = 0.7 for our parameter choice).
The inset displays 7', versus the shifted bias, Vg, = V +
¢d, where all curves exhibit a universal oscillatory bias
behavior, but with a different amplitude which depends on
the BF asymmetry. The origin of the linear relation of AV
with 6 lies on the asymmetry-induced shift of the bias
behavior of the IEC, ng\‘,[", in Fig. 3(b), compared to their
symmetric (6 = 0) behavior. Namely, AV = AVl +
AVE — AV — AV where AV oo —§ and AVIID
—(8 = A), each varying linearly with & but with different
slopes.

In conclusion, we predict that the fieldlike spin torque in
MT]J exhibits an oscillatory bias behavior, which can be
tuned selectively via the asymmetry in BF between the FM
leads. In the low bias range, this gives rise to a linear or
quadratic bias dependence, with positive or negative cur-
vature, including tuning the bias-induced reversal of the
IEC, thus reconciling the apparently contradictory experi-
mental results. The underlying mechanism for the nonequi-
librium IEC for noncollinear configuration is the interplay
of four independent IEC for the majority and minority-spin
bands solely in the FM configuration. Each of the IEC can
be controlled by changing the splitting between the spin
channels of the left and right FM leads. These theoretical
predictions may serve as simple guiding rules for future
experimental studies of the IEC in MTJ via controlled
fabrication of the FM leads.
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