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We report calculations, based on the tight-binding model and the nonequilibrium Keldysh formalism, of the
effect of band-filling (BF) asymmetry between the ferromagnetic leads on the bias behavior of the spin torque
and the tunneling magnetoresistance (TMR) in magnetic tunnel junctions. The underlying mechanism for the
asymmetry-induced change in the bias dependence of TMR and the spin-transfer component, 7j, is the inter-
play of charge and spin currents in the ferromagnetic (FM) and antiferromagnetic (AF) configurations. The BF
asymmetry has a dramatic effect on the low-bias behavior of the fieldlike component, 7 |, which can vary from
linear to quadratic bias dependence with positive or negative curvature, thus reconciling the apparently con-
tradictory experimental results. A general expression is derived relating 7', with four independent nonequilib-
rium interlayer exchange couplings (NEIECs), Jg&,, associated with the majority- and minority-spin channels,
o,0'=1,], of the two leads solely in the FM configuration. The bias behavior of the NEIEC components can
be selectively tuned with the BF of the free and pinned FM layers, thus opening a new avenue for controlling

experimentally 7', .
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I. INTRODUCTION

In recent years, the switching of magnetic states in non-
collinear magnetic tunnel junctions (MTJ) by spin-polarized
current via the spin torque has been the subject of intensive
experimental' and theoretical®~!° research. This current-
induced magnetization reversal (CIMR) has promising appli-
cations in nonvolatile magnetic random access memories
(MRAM) and magnetic sensors.

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 (L) and right (R) FM leads, but
with different bias behavior. For symmetric MTJ, we have
predicted® that 7} exerted on the right FM lead can be under-
stood by the difference between the spin current in the anti-
ferromagnetic (AF) and FM configurations. The bias depen-
dence has an unusual nonmonotonic behavior and it may
exhibit a sign reversal without a corresponding sign reversal
of the bias or even a quadratic bias dependence.”®

The bias dependence of T, directly related to the non-
equilibrium interlayer exchange coupling (NEIEC), was pre-
dicted to be purely quadratic for symmetric MTJ with any
band filling (BF) and exchange splitting, with negative bias
curvature. On the experimental side, Sankey et al.’ and
Kubota et al.* have measured recently the bias dependence
of Tl in C060F620B20/Mg0/C060F620B20 MTJ, where the
thickness of the free FM layer and the barrier are slightly
different. They both find a quadratic bias dependence of T'|
in agreement with theoretical calculations,®~! but with an
apparently different bias curvature, presumably due to the
different sign convention employed for the direction of both
components of the spin torque. On the other hand, Petit et
al’ observed a linear bias dependence of T, in a
CoFe/Al,0O3/CoFe MTJ. Thus, despite its importance in
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CIMR applications, the bias behavior of 7, remains unre-
solved.

It is known that the transport and the tunnel magnetore-
sistance (TMR) in MTJs can be asymmetric with regard to
the polarity of the bias voltage. In symmetric MTJ the TMR
has a maximum at zero bias and decreases with bias,'!"!> and
it can be selectively tuned by the BF and the exchange split-
ting in both left and right FM leads.'?> The asymmetry in
MT]J can arise from dissimilar electrodes, such as CoFeB/
MgO/NiFe junctions,'* or from a physically asymmetric bar-
rier under different oxidation conditions'>'® or when Cu dif-
fuses into the Al,Oj5 interface in Co/Cu/Co/Al,O5/Co MTJ
during annealing.!” Interestingly, the effect of asymmetry has
been observed'® even for nominally similar electrodes in
Co/Al,03/Co MTIJ, where one of the electrodes is textured
primarily face-centered cubic (fcc) and the other is of mixed
hexagonal-close-packed and fcc phases. This observation of
asymmetry in nominally similar electrodes and the link to the
crystalline phase is intriguing and implies that differences in
electronic structure between dissimilar leads can cause a bias
asymmetry in the TMR. The asymmetry shifts the maximum
of the TMR toward finite bias and it may also inverse the
sign of the TMR at higher bias.'>!°2! This can, in turn, be
exploited in applications that require the junction to operate
at maximum TMR under finite bias.

The effect of asymmetry on the bias behavior of both
components of the spin torque in MTJ remains an unex-
plored area thus far both experimentally and theoretically,
except for the recent calculations employing the free-electron
gas model.'%?? The objective of this work is to present a
comprehensive study of the effect of asymmetry between
dissimilar FM leads on the bias behavior of TMR and spin
torques, using the one-band tight-binding (TB) method with
the nonequilibrium Keldysh formalism. We provide details
of the analytical derivations and an extended discussion of
the theory and predictions, presented briefly in Ref. 23. We
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FIG. 1. (Color online) Schematic of MTJ, consisting of the left
and right semi-infinite FM leads sandwiching the nonmagnetic bar-
rier (B). The magnetization, My, of the right FM lead is along the z
axis, while that of the left FM lead, My, is rotated by the angle 6
around the y axis with respect to Mg. a(a’) is the last (first) site of
left (right) FM lead and a(b) is the first (last) site in the barrier. The
net spin-transfer, 7}, and fieldlike, 7, components of the spin
torque on the right FM lead are along the Mg X (My, X Mg) and

(M, X My) directions, respectively, where ML(R) is the unit vector
of the magnetization of the left (right) FM lead.

find that the bias behavior of 7}, T, and TMR can be tuned
selectively via the asymmetry in BF between the FM leads.
Both 7;(V) and TMR(V), including the sign reversal, can be
explained by the bias behavior of the spin-polarized currents
for the FM and AF configurations employing Brinkman’s
tunnel model** for asymmetric barriers, generalized so as to
take into account both spin channels. The BF asymmetry
changes dramatically the low-bias behavior of T,, which
ranges from linear to quadratic bias dependence, with posi-
tive or negative bias curvature, d°T (V)/dV?. These results
reconcile the origin of the experimental controversies, with-
out invoking the recently proposed inelastic effects.”> We
present in detail the derivation of a general expression relat-
ing the bias behavior of 7| in noncollinear MTJ with that of
collinear (FM and AF) configurations. We demonstrate that
the wide range of bias behavior of 7', can be understood by

the interplay of four independent NEIEC, Jgf\’,[’, associated
with the majority- and minority-spin channels, o,0'=1,,
of the two leads solely in the FM configuration.

This paper is organized as follows. Section II describes
the method used to model the asymmetric MTJ and to cal-
culate the spin torques. Numerical results for the bias depen-
dence of TMR, T, and T |, are presented in Secs. III A-III C,
respectively. Finally, conclusions are summarized in Sec. IV.

II. METHODOLOGY

The MT]J, shown schematically in Fig. 1, consists of a left
and right semi-infinite noncollinear FM leads, sandwiching
an insulating barrier (B) containing N=>5 atomic layers. 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 (normal to the FM/B interface) with respect to Mg.

The Hamiltonian is described by the single-orbital simple-
cubic TB model'? with the spin-dependent on-site energies of
the left FM lead, &/ =12 eV and & =2.0 eV, the spin-
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independent on-site energy in the barrier, eg=5.4 eV, and
the nearest-neighbor spin-independent hopping matrix ele-
ment, t=—0.4 eV, in all regions. This choice of TB param-
eters provided a realistic choice for systems based on mag-
netic transition metals and their alloys'® and gave an
excellent agreement for the bias dependence of both T} and
T, between our previous theoretical predictions® and
experiment.* All calculations reported in this work were car-
ried out at room temperature.

In asymmetric MTJ, both the majority and minority on-
site energies of the right FM lead are rigidly shifted by &
:s[{“—sﬁ(”, relative to those of the left FM lead, while, in
order to minimize the TB parameters, the exchange splitting,
A:st(R)—sl(R), is fixed for both left and right FM leads.
Experimentally, this could be achieved through alloying
Fe(Co) with impurities which can shift the A, band. Under
external bias, V, the chemical potential of the right FM lead
is shifted with respect to that of the left FM lead by, up
—pp=eV, where p; is fixed at the Fermi energy, E=0 eV.
For positive bias, the charge current flows from left to right
along the y axis in Fig. 1.

The nonequilibrium Keldysh formalism?® is employed to
calculate the net spin-transfer, 7}, and fieldlike, 7', compo-
nents of the spin torque on the right FM lead, which can be
simply expressed as the x and y components of the spin

current density at the right B/FM interface,®!? respectively,
t e
Ti=1c f Ti{(G,, - G, o JdEdK, (1)
and
t a ~
T.=7> f Ti((G,,, - G,,)0,]dEdK,. (2)

The spin-current density, Igs), along the z axis and the charge
current density, /, at the right B/FM interface, are

o_h _! A< A<
1= Z[ﬂ -1']= o f (G, - G, o.JdEdK,
3)
and
—et A< A<
I=1'+1'= P f TG, - G, JdEdK,, 4)

respectively. Here, G= is the 2 X2 Keldysh Green’s function
matrix in spin space, and a(a’) is the last (first) site of the
left (right) FM lead and a(b) is the first (last) site in the
barrier as shown in Fig. 1. o=(0,,0,,0,) is the vector of the
2X?2 Pauli matrix, Kk is the transverse component of the
wave vector, and the energy integral is over occupied states.
Note that 7}, T',, and Iis) are calculated in peV/[] and [ is
calculated in fA/[J, where [ refers to the interfacial unit
area.

Applying the kinetic equation for the nonequilibrium 2
X2 Keldysh Green’s function matrix in Eq. (15) of Ref. 13,
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. . S . A<
results in a system of linear Dyson’s equations for G ,, and

é;a, of the form

A

< o A< A< A
Gy =8 Gy + 841 r1Gpp»
Gy = 8,,G, + 851G

bb = 8bal U ap T 86b!Y 41>
A< A A< | A< A
Gab = gaatGab + gaatGab’

A A A A A<
Ga<b=gaatGa<b+gatha’b (5)
and

<
a'a’

e A
G = 80alG g + 811G

A< . A< < 5
Gaa’ = gaatGaa’ + gaatGaa’ )

A< A< ~ A< A< =
Ga’a' = ga’a’ + ga’a'tha’ + ga’a'tha"

A

< A A< A A<
Gaa' = gaatGaa’ + gutha/a/ . (6)

Here, ¢ () is the retarded (advanced) 22 Green’s func-
tions of the uncoupled regions and §;;= gijf is the retarded
Green’s functions of the isolated barrier, where g;; is real and
I is the 2 X2 unit matrix. The advanced Green’s functions,

A

G, of the coupled system are given by

Gba’ = bet§a’a” Gaa' = abt§a’a’ ’
Gab = gAab[B]_l >
be = [ébb(l_ tzgaaéaa) + gabgbat2§aa][D]_l s (7)

where

5 = (I_ t2§aa§ua)(1_ t2§a’a’gbb) - t4gabgba§aa§a’a’ . (8)

Solving the system of Egs. (5)—(7) gives

Gy G = PIODT Gl X (v ariat Errarfiu
~GaaBarar ~ Bacb o] 9)
where
éja(arar) = AL Baata’a) — Saala’an]
= - 2ifLr) IM{Zau(aran)- (10)

f1.(E) and fr(E—eV) are the Fermi-Dirac distribution func-
tions of the left and right FM leads, respectively. In the limit
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of thick barrier, ﬁ-ﬁzi, and the diagonal and off-diagonal
spin-matrix elements of ((A}a<, b—é;a,) in Eq. (9) can be recast
in the form

G = Gy = 208 LA Im{g e} (307 — 8orry)

+fr Im{gy,  H(goa— Zoe)] (11)
and
G<0'c7_ G<06 ~2j 3 2 I G ~TT oo
a'b ba' ) |gab| [fL m{gag}(ga,lar ga;a;)
+ frIm{g?” }go7 - Im{g77 }870)],
(12)

where (o,)=(1,]) are quantized along the z axis. The re-
tarded surface Green’s functions for the isolated right and
left FM leads with magnetizations My and Mj, are

"
) oo 0 ) g}a\ 0
8a'a' = 5 8aa= >
0 s, 0 e

(13)

respectively. Under rotation of My, by an angle 6 along the
direction of My, the surface Green’s functions of the left FM
lead can be written as

gl =g cos2(012) + g, > sin(6/2),
gl =g sin®(612) + g cos*(612),

sin(6)
=gl =g — 2] (14)

8aa=8aa™ T
Here, gl (g!!) and g™ (g.>) are the surface Green’s
functions for the isolated left FM lead with M;, quantized
along the original and rotated z axis. Note, that in the FM
configuration, g/l =g~ and g!! =g ™.
Substituting Egs. (13) and (14) into Egs. (11) and (12), T},
T,, and Ii‘v) in Egs. (1)—(3) can be written in the form

*sin 6

I = 3 f|gab|2><[fL(E)_fR(E_eV)]

X Im{g}a\ - g}a\} X Im{gyla/ + gil/a/}dkudE,
(15)

t* sin 6 5 SN
Tj_z 8’773 dkl\dE|gab| X [fL(E)Im{gaa —8aa }

XRelg!l =gt V4 fr(E—eV)Refgn> — g}

a

xImfg!) , —ght 1, (16)

and
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o) * sin 6 )
L dK\dE|g | "[fL(E) - fR(E - eV)]
1 a2l @
X | Im{g,, .. }| Im{g,, “}cos 2
6 0
+ Im{g}a\}sinz( 5) ] —Im{g il/a,}[lm{g}a\}siﬁ( 5)
a2l f
+Im{g ., “}cos I (17)

Comparison between Egs. (15) and (17), yields the general

expression

1Y(AF) - 1Y)(FM) o
2

T,(6) = n 6, (18)
for the noncollinear spin-transfer torque, 7, in asymmetric
MT]J, in terms of the spin currents, I;) , for the FM and AF
collinear configurations, originally predicted by Theodonis e?
al.® only for symmetric MTJ. This general expression dem-
onstrates that the bias dependence of noncollinear 7 can be
decomposed as the interplay between four independent non-
equilibrium spin-polarized current densities, I7, solely in the
FM and AF collinear configurations.

Since T, is directly related to the NEIEC,”?” Eq. (16)
yields another general expression for the fieldlike component
of the spin torque, namely,

T,(0) == [+ Jiky = S = Jidg] X sin 6, (19)

where the NEIEC, J‘F’f\’,[’, between the o- and ¢”’-spin states in
the left and right leads in the FM configuration are given by

4

(TUJ t T 0',0',
-Jrm = @f 8ra8apl fL(E)Im{goatRelg: "}

+ fr(E - eV)Re{gootIm{g?,7 }|dkdE. (20)
Equation (19) demonstrates that the bias dependence of T,
in the noncollinear configuration can be expressed in terms
of four independent NEIECs solely in the FM (6=0) collin-
ear configuration. Our numerical results demonstrate that
both Egs. (18) and (19) are independent of the details of
electronic structures. The sin 6§ dependence of both 7} and T
agrees with previous experimental>** and theoretical
findings.®3

III. RESULTS AND DISCUSSION
A. Bias behavior of TMR

In Fig. 2(a), we present the bias behavior of TMR
:ﬂ%@ for various values of the asymmetry energy pa-
rameter §. For symmetric MTJ (5=0.0 eV), the TMR de-
creases with increasing bias exhibiting a maximum at zero
bias (V;,.x=0 V) and changes sign at the critical bias, V,
~ *0.55 V. For 6>0 (<0), where the barrier height at the
right B/FM interface is smaller (larger) than that of the left
B/FM interface, the bias behavior of the TMR is shifted to-

ward negative (positive) bias, giving rise to a negative (posi-
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FIG. 2. (Color online) Bias dependence of (a) tunnel magnetore-
sistance, TMR, and of the charge current density in the (b) FM and
(c) AF configurations, for various values of the asymmetry energy
parameter O.

tive) Vnax and a shift of V.. toward negative (positive) bias.
These findings are in agreement with experiment!’ in asym-
metric Py/AlO,/ZrO,/Py MTJ, where V,,, was found to
decrease with increasing Zr thickness, due to the decrease in
the barrier height of the ZrO, /Py interface. Furthermore, our
results are in agreement with theoretical calculations'® em-
ploying the free-electron model, which found that V, de-
creases with decreasing barrier height. The offset of TMR for
6>0 (<0) and the increase in TMR with the absolute value
of bias in the negative (positive) low-bias region suggest that
the asymmetry effect may be beneficial for practical applica-
tions in MRAM.

In order to elucidate the bias behavior of the TMR, we
show in Figs. 2(b) and 2(c) the charge current densities,
I(FM) and I(AF), in the FM and AF configurations, respec-
tively, as a function of V. Applying Brinkman’s tunnel
model** for asymmetric barrier, the bias dependence of I”
can be expressed as

17=g($)V - g,(dAGTV* + O(V?), (21)

where ¢7=[¢7+¢g]/2 and Ap?=¢)—pp are the average
barrier height and barrier asymmetry for the o-spin state,
respectively, ¢, is the barrier height at the left (right)
B/FM interface from the bottom of the o-spin band, and g,
and g, are functions of the average barrier height and barrier
asymmetry. For the FM configuration, shown in the top panel

of Fig. 3, ¢/ =¢p;—2, ¢pl=¢p,—2, and Agp!(V=4, yielding
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FIG. 3. (Color online) Schematic energy profiles of the majority
and minority on-site energy levels in the FM (top) and AF (bottom)
configurations. ¢, (¢,) denotes the barrier height from the bottom
of the majority (minority) band of the left lead; &= sIT{(U—sIT‘(D and
Azsf(R)—sﬂ(R) are the asymmetry energy parameter and exchange
splitting, respectively.

I(FM) = I'(FM) + I'(FM) =[g,(¢, -
— gy — 02) + g1(hy —

where ¢, (¢,) denotes the barrier height from the bottom of
the majority (minority) band of the left lead. On the other
hand, for the AF configuration, shown in the lower panel of

Fig. 3, ¢!V =[, + ¢p,— 6]/2 and Ap! V= + (p,— ;) + 5, and
I(AF) = I'(AF) + I"(AF) = 2g,([ ¢, + ¢, — 6]12)V
-28g,([ ) + ¢y — SV2) V2 + O(V). (23)

Since g,(4%) and g,($°) are positive, both I(FM) and I(AF)
have positive slopes and negative (positive) bias curvatures
for >0 (<0). Since for asymmetric MTJ the linear terms in
Eqgs. (22) and (23) for the I(FM) and I(AF), respectively, do
not cancel out, the bias behavior of the TMR is not purely
quadratic, leading to the offset of the TMR and the shifts of
both V. and V.

32) +g(¢y = 2)]V
§2)IV:+0(V?), (22)

B. Bias behavior of T}

In Fig. 4(a) we present the bias dependence of the spin-
transfer torques, T)(6= g), for various values of 8. The solid
points and curves correspond to 7 calculated from Egs. (1)
and (15), respectively. The agreement between these two
computational approaches demonstrates that the expression
(18) is general and is also valid for asymmetric MTJ. For
symmetric MTJ (5=0.0 eV), T, has a nonmonotonic bias
behavior with a minimum value at V;,~0.17 V and
changes sign at the bias reversal V,,,~0.34 V. The asym-
metry effect preserves the nonmonotonic bias dependence of
T,, but shifts both V,;, and V,,, toward negative (positive)
bias values for 6>0 (8<0). This suggests that one can con-
trol the CIMS in MTJ by varying the asymmetry between
two FM leads.

In order to understand the underlying mechanism of 7;(V)
in Eq. (18), we present in Figs. 4(b) and 4(c) the bias depen-
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FIG. 4. (Color online) Bias dependence of (a) 7)(#=/2), and
the spin-current density (b) I(Y (FM) in the FM configuration, and
(c) I(Y (AF) in the AF conﬁguratlon for different values of the
asymmetry energy parameter J. The solid points and curves in (a)
correspond to 7 calculated from Egs. (1) and (15), respectively.

dence of the spin currents IS)(FM) and IS)(AF) for the FM
and AF configurations, respectively. Using Eq. (21) the spin
currents for the FM and AF configurations can be written in
the form

h
IOEM) = —g1(d — 812) = g1 (b~ 92)]V

- dgx(epy - 82)1v (24)

32) - g2(hr —

and
: h
1Y(AF) = (- do)gal (1 + - &2V (25)

The slope and bias curvature of I(‘)(FM) depend both on the
bias and barrier asymmetry 8. On the other hand, I S)(AF)
exhibits a quadratic bias dependence with positive curvature.
The shift in Vyy, of I/(AF) in Fig. 4(c) implies the presence
of nonvanishing higher-order bias terms, giving rise to the
negative (positive) offset of I(s)(AF) for >0 (6<0). There-
fore, the interplay between the bias dependence of I S)(FM)
and I(é (AF) is responsible for the variation in the nonmono-
tonic blas dependence of T} and the offset in the bias behav-
ior of 7| with asymmetry.

C. Bias behavior of T,

In Fig. 5 we present the bias behavior of T (6=/2) for
various values of &. The solid points and curves represent 7'
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FIG. 5. (Color online) Bias dependence of T, (6=/2) for vari-
ous values of the asymmetry energy parameter 6. The solid points
and curves correspond to 7 calculated from Egs. (2) and (19),
respectively.

calculated from Egs. (2) and (19), respectively. The good
agreement demonstrates that the bias behavior of the noncol-
linear 7', can be understood in terms of the interplay of four

NEIECs, Jgf\’,[’, associated with the majority- and minority-
spin channels, 0,0’ =1, |, of the two leads solely in the FM
configuration. The BF asymmetry changes dramatically
T, (V): for the symmetric case (6=0.0 eV) the bias behavior
is purely quadratic with &°T,(V)/dV*<0; for 6=0.4 eV
(-0.4) eV the maximum is shifted toward the negative
(positive) bias. Note, that in both cases T, (V) does not re-
verse sign for any bias. On the other hand, for 6=0.8 eV
(-0.8) eV T, exhibits a linear bias behavior at low bias
(]V|=0.4 V) and reverses sign with bias.

In the right panels of Figs. 6(a)-6(c) we show the bias

dependence of the NEIECs, ng‘\fl,, associated with the spin
channels, o,0’=1, |, of the two leads in the FM configura-
tion, for 6=0.0, +0.4, and —0.4 eV, respectively. For com-
parison we also show the bias behavior (black curves) of
T, (V). The left (a)-(c) panels show schematic energy pro-
files of the bottom of the majority-(minority-) spin energy
bands of the right and left leads, denoted by lower (higher)
horizontal solid lines, for 6=0.0, +0.4, and —0.4 eV, respec-
tively. The asymmetry energy parameter and the exchange
spin splitting are denoted by & and A, respectively. The

dashed lines represent the NEIECs, J""I, and the solid hori-
zontal line indicates the Fermi energy in equilibrium.

For the symmetric MTJ in Fig. 6(a), both —JL|; and —Ji4,
exhibit quadratic bias behavior with maximum 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 dif-
ferent BFs of the T-spin and | -spin bands. On the other hand,
—J;':ﬁf[m exhibits an asymmetric bias behavior with their
maximum shifted toward negative (positive) bias, due to the
smaller (larger) BF of the minority (majority) bands of the
right FM lead compared to the majority (minority) bands of
the left FM lead. Interestingly, even though each NEIEC has
a complex bias dependence, their algebraic sum has a purely
quadratic behavior. For asymmetric MTJ (6=*=0.4 eV),
shown in Figs. 6(b) and 6(c), the smaller or larger BF of the
right FM lead gives rise to an asymmetric bias dependence
of the four NEIECs and hence of T, . Thus, we predict that

! ’
the bias, Vyo . at which Jiy; reaches its first maximum value,
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FIG. 6. (Color online) Left panels: schematic energy profile of
the bottom of the majority-(minority-) energy bands on the right
and left leads, denoted by lower (higher) horizontal solid lines, in
FM configuration for various values of the asymmetry energy pa-
rameter 8. The exchange splitting is denoted by A, and the dashed
lines represent the NEIECs. Right panels: bias dependence of Jgf\’,[,
(o,0'=1,]) and T, (6=m/2), for 6=0.0, 0.4, and —0.4 eV,
respectively.

can be controlled by varying the relative BF between the o
and o’ bands of the left and right leads. Namely,

’
) =0 if ¢ =€ or nf=ng, 26)
o 0',
L=1R -

’
=0 if ¢ =€; or n{=n

Here, nyy, is the BF of the o band of the left (right) lead.

’ ’
Furthermore, |V77 | increases as the difference |€—eg | or

|n§f—n§, increases. These predictions, valid for any value of
A and &, may serve as simple guiding rules for future experi-
mental applications in the writing process in MRAM via
controlled fabrication of the FM leads.?*?8

In Figs. 7(a)-7(c) we show the energy dependence of the
left (L) and right (R) reservoir contributions, TLL(E) and
TR (E), respectively, to the net T, =T + T~ for different val-
ues of V and 8. Here, T! (E) and Tii(E) correspond to the
two terms of the integrand in Eq. (16) (integrated over k),
proportional to fi(E) and fr(E—eV), respectively. The red
(blue) shaded area denotes those energies within the bias
window between wu; =0 eV and ug under 0.2 V (=0.2 V)
bias. Since 7, is directly related to the net NEIEC, J
=[E(FM)-E(AF)]/2,” where E(FM) and E(AF) are the to-
tal energies of the FM and AF configurations, respectively,
the entire energy spectrum of occupied states contributes to
T, . In contrast, only those energy states within the red or
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FIG. 7. (Color online) Energy dependence of the L and R lead
contributions to 7, with V=-0.2, 0.0, and 0.2 V for (a) &
=0.0 eV, (b) 6=04 eV, and (c) 6=-0.4 eV, respectively. The
blue, black, and red vertical lines refer to g, for the above bias
values, while yy is fixed at Ex=0 eV.

blue shaded area are important for 7|, since 7 is directly
related to the spin-current density in Eq. (18).

At zero bias, for symmetric MTJ (6=0.0 eV) in Fig. 7(a),
Tll (E):Tli (E) exhibit a broad negative dip at about
—0.1 eV. On the other hand, for §>0(<0), shown in Fig.
7(b) [Fig. 7(c)], where one decreases (increases) the BF of
the right FM lead, there is a dramatic change in 7' (E)
[TR (E)], which becomes positive over the entire occupied
spectrum region, while the negative dip around E of T% (E)
[T (E)] becomes more pronounced. This change in TL 'Q)(E)
can be understood in terms of the zero-bias k-resolved TL(R),
integrated over occupied states, which is shown in Figs.
8(a)-8(e) for various values of 8. For symmetric MTJ, Tﬁ(R)
exhibits a negative ring around the I" point and becomes
positive at k;~ 7r/2. On the other hand, for §>0(<0), both
the positive contribution of 7% (T%) and the negative contri-
bution of TR (T ) around the I' point have smaller (larger)
area due to the smaller (larger) BF of the right FM lead.

The application of positive (negative) bias for symmetric
MT]J in Fig. 7(a) renders the 7' (E) [T} (E)] contributions
positive over the low-energy region of the occupied spectrum
(E-Er=-0.3 eV), while it remains negative in the energy
window of about 0.3 eV below the Fermi energy. Further-
more, the application of positive (negative) bias for symmet-
ric MTJ induces a large enhancement of the negative dip of
TR (E) [T%(E)] in the energy range both within and outside
the bias window. The fact that 7% " (E) decreases stronger than
TL (E) increases under positive blas results in the decrease in
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FIG. 8. (Color online) Zero-bias kj-resolved L and R contribu-
tions to T, integrated over occupied states for (a) 6=0.0 eV (L
=R), (b) and (c) =04 eV, and (d) and (e) 5=-0.4 eV,
respectively.

T, with bias and hence d*T | (V)/dV*<0 in Fig. 5. Thus, the
effect of bias on TII(E) and TE(E) is analogous to that of the
BF. For 6=0.4 eV [Fig. 7(b)], the positive (negative) bias
enhances (reduces) the negative dip of TIE(E) within the red
(blue) shaded area shifting it to higher (lower) energy. The
bias effect is weaker on the energy dependence of T T(E).
These two effects lead to the monotonic decrease in 7’| w1th
bias in the low-bias regime in Fig. 5. In contrast, for 8=
—0.4 eV [Fig. 7(c)], the positive (negative) bias shifts the
peak of % (E) to higher (lower) energy, while it suppresses
(enhances) the negative dip of T%(E), giving rise to
dT /dV>0 in the low-bias regime.

Finally, in Fig. 9 we display In 7}y and In 7|, normalized

— 0 .

S V=0.2V
£ -10 ~
t —=—T7(5=0.0¢V)

2 -20+—e—17,(5=0.0¢V)

= T.(8=-0.4eV)

E -30(—o—T, (6= —0.4eV)

2 3 4 5 6 7 8
Number of layers (N)

FIG. 9. (Color online) In 7} and In 7|, normalized to their val-
ues for the two-layer barrier thickness, versus the number of barrier
layers, N, for V=0.2 V and various values of &.
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to their values for the two-layer barrier thickness as a func-
tion of the number of barrier layers, N, for 0.2 V bias and for
5=0.0 and —0.4 eV. Slonczewski® has shown that at zero
bias and for a free-electron system where the tunneling is
dominated around the I point, both spin torque components
have the same exponential decay with the barrier thickness,
d=Na, of the form, Tj=Ae ¥ and T, =Be 1%, Here k;
=k, and A and B are complicated functions of the energy
parameters. Since in the simple-cubic TB model employed
here the transport is determined from the entire two-
dimensional Brillouin zone, the decay constants are xja
=258 and k,a=230 for 6=0.0 eV and ka=2.45 and
k,a=242 for 6=-0.4 eV.Unlike spin valves, where T
<T), T, =T, in MT]J, thus playing also an important role in
the CIMR.>™

IV. CONCLUSION

In conclusion, we have employed tight-binding calcula-
tions and the nonequilibrium Keldysh formalism to study the
effect of asymmetry in BF between the left and right FM
leads on the bias behavior of TMR, 7, and 7,. We have
shown that the universal expression (18) relating the spin-
transfer torque, 7}, with the spin currents of the FM and AF
configurations is valid also for asymmetric MTJ. The de-
crease (increase) in the BF of the right FM lead compared to
that of the left lead shifts the maximum of the TMR to nega-
tive (positive) bias. The asymmetry-induced change in the

PHYSICAL REVIEW B 81, 054437 (2010)

bias dependence of TMR and 7| can be understood on the
basis of the Brinkman tunnel model. The exponential de-
crease in 7} with barrier width is more pronounced than that
of T,.

The asymmetry in BF has a dramatic effect on the bias
behavior of T, which can vary from linear to quadratic bias
dependence, with positive or negative curvature at low bias.
We have derived a general expression [Eq. (19)] relating T,

with four independent NEIECs, gf\’,[’, associated with the
majority- and minority-spin channels, o,0’ =1, ], of the two
leads solely in the FM configuration. The underlying mecha-
nism is the bias-induced change in the energy dependence of
the left and right reservoir contributions, TLl (E) and Tli(E),
to the net T',. The bias behavior of the NEIEC components
can be selectively tuned with the BF of the free and pinned
FM layers, thus opening a new avenue for controlling experi-
mentally T, . These results may serve as simple guiding rules
for future experimental studies of the NEIEC in MTJ via
controlled fabrication of the FM leads.
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