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We predict that the spin-transfer, 7}, and fieldlike, 7; , , components of the local spin torque are dramatically
enhanced in double-barrier magnetic tunnel junctions. The spin-mixing enhancement is due to the energetic
proximity of majority and minority quantum well states (QWSs) of different quantum numbers within the bias
window. The local-spin-torque enhancement is not associated with a corresponding enhancement of the spin-
polarized currents. T; ) exhibits a switch-on and switch-off steplike bias behavior when spin-polarized QWSs
enter the bias window or exit the energy band, while T; | changes sign between switch-on biases. The net T'|
exhibits an anomalous angular behavior due to the bias interplay of the bilinear and biquadratic effective

exchange couplings.
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I. INTRODUCTION

Spintronics involve the exploitation of the quantum-
mechanical spin degree of freedom to provide new function-
alities beyond conventional electronics.! One effect that has
its roots on the electron’s spin is the torque exerted on the
magnetization of a nanometer-scale free ferromagnet (FM)
by a spin-polarized current, originating from a preceding
noncollinear pinned FM.>~* This torque can be decomposed
into a fieldlike and a spin-transfer component,® both orthogo-
nal to the magnetic moment of the free FM but with different
influences on its dynamics.® Recent ferromagnetic resonance
experiments provide a useful tool to study the role of each
component.”® At sufficiently high current densities, the spin-
transfer torque leads to current-induced magnetization
switching (CIMS).>~!! Reduction of the high critical current
for CIMS is necessary for spin-transfer controlled magnetic
memories.'?

Double-barrier magnetic tunnel junctions (DBMTJs) con-
sist of a central metallic layer between two insulating barri-
ers and two FM electrodes. The tunneling magnetoresistance
(TMR) can be dramatically enhanced in collinear DBMTJs
by the presence of quantum well states (QWSs) under appro-
priate resonant conditions.'3-'® Recently, the discrete energy
spectrum of FM nanoparticles has been shown to enhance
spin accumulation and to control the bias dependence of the
TMR.!” While the physics in collinear DBMTJs has been
studied extensively,'3-'6 the effect of spin-polarized QWSs
(SPQWSs) on the spin torque in noncollinear DBMTJs re-
mains an unexplored area thus far.

The objective of this work is to present a study of the
effect of SPQWSs on both the spin-transfer, T, and fieldlike,
T, components of the spin torque under external bias. The
calculations are based on the tight-binding method and the
nonequilibrium Keldysh formalism. We predict that both
components of the local spin torque can be dramatically en-
hanced when majority and minority QWS energies of differ-
ent quantum numbers are in close proximity and lie within
the bias window. It should be emphasized that the local-spin-
torque enhancement is not associated with an enhancement
of the corresponding spin-polarized currents. The low-
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temperature bias dependence of the local spin-transfer torque
T;, exhibits a switch-on and switch-off steplike behavior
when the SPQWSs enter the bias window or exit the energy
band, respectively, similar to that of the spin-polarized cur-
rents. On the other hand, T; ; changes sign between the ma-
jority and minority switch-on values of bias. We demonstrate
that the bias behavior of T;) and 7; | can be derived analyti-
cally using a single-site central FM region. The ner T |, per-
tinent to the nonequilibrium interlayer exchange coupling,
Exc, exhibits an anomalous angular behavior due to the in-
terplay of the bilinear and biquadratic effective exchange
couplings which have different bias behaviors.

The structure of this paper is as follows. In Sec. II, we
introduce the basic model and outline the computational ap-
proach of the nonequilibrium spin torque. In Sec. III, we
present and discuss the results of the calculations. Finally,
Sec. IV includes a brief statement of the conclusions.

II. METHOD: FORMALISM

Figure 1 shows the one-dimensional FM/I/FM/I/FM
DBMT]J system, consisting of a central (C) FM nanowire
containing N, atomic sites (ASs) connected to the left (L)
and right (R) FM electrodes through two thin symmetric
nonmagnetic tunneling barrier nanowires / of N=2 ASs. The
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FIG. 1. (Color online) Schematic of the DBMT]J consisting of a
FM central wire of N atomic sites, connected to left and right FM
leads through the tunneling barriers / of N sites. The spin-transfer
(fieldlike) T;; (7;,) components of the torque lies in the x (y)
directions.
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magnetization of the central FM, M, is along the z axis of
the coordinate system shown in Fig. 1. The magnetization of
the FM leads, M g), lies in the x-z plane, i.e., it is rotated by
angle @ around the wire axis y. The Hamiltonian of the sys-
tem 1s

H:HL+HM+HR+HL,M+HR,M+H'C" (1)

where Hy=H;+H:+H;-+H.c. is the Hamiltonian of the
middle (M) multilayer //FM/I region, and H ) ) and H; ¢
are the coupling Hamiltonians at the L(R)/M and I/ C inter-
faces, respectively. The Hamiltonian for each FM region H,,
a=L, R, and C, is described by a one-dimensional single-
orbital tight-binding model neglecting the in-plane k depen-
dence, which includes a nearest-neighbor (NN) spin-
independent hopping term, 7,, and a spin-dependent on-site
energy term, &7, i.e.,

H,=> e%lc;+ X tucliei +He. (2)
ag,l 1

The Hamiltonian H; for the barriers is identical to H,, but
where one replaces the hopping term 7, with #; and the spin-
dependent on-site energy 7 with the spin-independent &;.
The coupling Hamiltonian of the FM// interface is H,;
=ta,1c2c,. The exchange splitting, Aa=sL—sﬁ, is identical in
all EMs, A;=0, &/ —E;=0318 eV, &' —Ez=0.736 eV, and
g—Er=6.5¢V, where Ep is the Fermi energy. The 7,
=0.4 eV in all FMs, #;=1 eV in both insulators, and 7,
=0.5 eV in all FM/I interfaces, consistent with the ab initio
values for one-dimensional Co FM nanowires. '3

We extend Datta’s formalism'® to the case of noncollinear
systems, where the scalar Green functions are replaced with
2 X2 matrices in spin space. For this purpose, H, can be

expressed in the form H,=H + 6H,,, where
o= 5(e0+e0) +1, (3)
describes the spin-average part of H, and
SH,=3(el - &l) (4)

is the spin-splitting part of H,. The one-electron Schrodinger

equation for the retarded Green function g;f;]” in each iso-
lated semi-infinite ferromagnetic lead becomes

E — cos @ sin @
) (Eéppl _prl)l_ OHpp, sin@ —cos 6
1

I Tl

8 8

x( Eq ﬁq) =38, (5)
gl)lq gl’]‘/

where [ is a 2 X 2 unit matrix. Following Datta,'® we find that
the retarded Green function of the middle region M is

éM=[Ei_I:IM_2L_§A'R]_la (6)

where E is the one-electron electron energy, H y and EAL(R)
are the (2N,; X 2N,,) Hamiltonian and self-energy matrices,
respectively, and Ny, =2N+ N is the number of atomic sites

in the middle region. The only nonzero elements of by L(R) Ar€
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FIG. 2. (Color online) SPQWS energy positions, E"”, as a func-
tion of the number of atomic sites, N, in the central FM region for
zero bias and #=0. The bottom of the majority (minority) conduc-
tion band of the leads is denoted by E;(U and A is the exchange
splitting, denoted by the dashed horizontal arrow. At finite bias V,
the chemical potentials of the L,R leads are shifted by eV=puzp
— gz around the Fermi energy.

the 2 X2 self-energy matrices at the interfacial sites,

iL(R)( 0) = ti/lgL(R)(a) , (7)

where g7 g)(6) are the retarded surface 2 X2 Green’s func-
tion matrices of the isolated L(R) lead, determined from Eq.
(5). The nonequilibrium Green’s functions can be determined
by solving the kinetic equation'®

Gy =iGy2=Gyy, (8)

where EA<=fL(EAZ—EAL) + fR(EA;—EAR) is the nonequilibrium
self-energy matrix and f; ) are the Fermi-Dirac distribution
functions of the L(R) leads.

The local spin-transfer torque T; exerted on the local mo-

ment at site i in the central FM region is?°
TiE_V'I(S)zlgi)l,i_lt('fi:—l’ )
where
Lt - -
gfi)il = ﬁr J Tt,[(Giiu1 = Gizy ) O JdE (10)

is the spin current between NN sites,”’ and o=(0,,0,,0,) is
a vector of the Pauli matrices. The fieldlike, T; ;, and spin-
transfer, 7, components of the local spin torque, shown in
Fig. 1, are along the M X (ML(R) X M) and MCXML(R) di-

rections, respectively. Here, MC and M L(R) are unit vectors
along the magnetization of the free C and pinned L(R) FM
regions, respectively.

III. RESULTS: DISCUSSION

The majority (full triangles) and minority (open triangles)

QWS energies relative to the Fermi energy E" as a function
of the thickness N of the central FM wire are shown in Fig.
2 for QWSs between —0.5 and 0.5 eV. The numbers next to
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FIG. 3. (Color online) Low-temperature (7=5 K) and low-bias
(V=0.1 V) (a) perpendicular, T; | , and (b) parallel, T;;, components
of the local spin torque vs the number of atomic sites, N, of the
central FM region. Both components of the local spin torques are
calculated on the first site in the central FM region next to the left
FM/I interface for three values of the angle 6 of /10, /2, and
9/ 10, respectively.

each series of data points, indicate the quantum number n?
=17,279,...,N? of the SPQWSs. The dashed curves denote
the SPQWS energies E =742t cos(n’m/(Ne+1)) of the
isolated central FM wire. The coupling of the central region
to the FM leads results in a shift and a broadening of the
SPQWS energies. The bottom of the majority (minority) con-
duction band of the leads at zero bias is indicated by ET b
Note that for N,=7 ASs, the n'=3" majority and n'= 14 Tni-
nority QWSs are in very close proximity and they are very
close to the Fermi energy. Under applied bias V, only the
SPQWSs with energies E" that lie within the bias window
from ML:—%/ to ,LLR=+%/, denoted by the shaded area in
Fig. 2, contribute to the resonant tunneling.

In Figs. 3(a) and 3(b), we show the perpendicular, T
and parallel, T;;, components of the local spin torque on the
first site (i=1) in the central FM region next to the left FM/[1
interface as a function of the thickness N, of the central FM
region. Both local-spin-torque components are calculated at
T=5K and V=0.1V for the almost parallel §=7/10, per-
pendicular #=/2, and almost antiparallel #=97/10 con-
figurations. We find that 7; , and T} are strongly enhanced
for N.=7 ASs by about 1 and 2 orders of magnitude, respec-
tively. The local-spin-torque enhancement persists even for
very small angular deviations from the parallel (circles) and
antiparallel (triangles) configurations. Interestingly, 7; , for
N.=7 changes sign with increasing 6, in contrast to T,

In Figs. 4(a), 4(c), 4(b), and 4(d), we display the angular
dependence of the perpendicular, 7; , (black squares) and
parallel, T} (red circles), components of the local spin torque
for N.=4 ASs and N.=7 ASs, respectively. The spin torques
are evaluated on the first site in the central FM region next to
the left FM/I interface at 7=5 K and V=0.1 V. In both cases
[Figs. 4(b) and 4(d)], 7} exhibits a sinusoidal angular depen-
dence similar to that in a single MTJ.> On the other hand,
when the enhancement conditions are fulfilled for N.=7 ASs
[Fig. 4(c)], T; , exhibits a nonsinusoidal angular dependence
changing sign in the [0, 7] interval.

In Figs. 5(a), 5(c), 5(b), and 5(d), we display the perpen-
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FIG. 4. (Color online) Angular dependence of T;, (black
squares) and T (red circles) for N.=4 ASs in panels (a) and (b)
and for N,=7 ASs in panels (c) and (d), respectively. The local spin
torque is evaluated on the first site in the central FM region next to
the left FM/[ interface at 7=5 K and V=0.1 V.

dicular, T; , (black squares), and parallel, T;; (red circles),
components of the local spin torque as a functlon of site i in
the central FM for N.=4 ASs and N.=7 ASs, respectively.
The spin torques are evaluated at 7=5 K, V=0.1 V, and 6
=1/2. Interestingly both 7; | and T oscillate around zero as
a function of atomic site i due to the electron precession in
the central FM. The number of nodes increases as the width
of the FM quantum well increases. The enhancement of 7; |
and T; for N.=7 ASs holds for all sites i.

In Figs. 6(a) and 6(b), we display the low-temperature
(T=5 K) bias dependence of the spin-polarized currents /'
and I' for N,=4 ASs and N,=7 ASs, respectively, and for

=7. The spin-polarized currents switch on at Ve =2|E"
, when the n, QWS enters the bias energy window. For
N.=7 ASs, the switch on for both spin polarized currents
occur at about the same bias, V! =~ V!  due to the fact that
|E"' ~E,|~|E> ~E,| in Fig. 2. Both currents decrease with
increasing bias because the density of states of the minority

band in the leads at E"” decreases. At the critical bias, V})ff
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FIG. 5. (Color online) Perpendicular, T; ; (black squares), and
parallel, T; (red circles), components of spin torque as a function
of site 7 in the central FM region for N.=4 ASs in panels (a) and (b)
and for N.=7 ASs in panels (c) and (d), respectively. The local
components are calculated at 7=5 K, 0.1 V bias, and 6=/2.
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FIG. 6. (Color online) Low-temperature (7=5 K) bias depen-
dence of the majority (green symbols) and minority (blue symbols)
currents in the central FM for (a) N.=4 ASs and (b) N,=7 ASs,
respectively, and for #=/2. Bias dependence of 7} (black sym-
bols) and T; ; (red symbols) on the first site in the central FM for
(¢c) N.=4 ASs and (d) N.=7 ASs. The bias Vgn(off) denote the
switch-on (switch-off) bias.

=2(E" +|E}|), the QWS energies E I and E3' are shifted be-
low the bottom of the minority band of the lead and, hence,
the minority contribution to the spin-polarized currents is
switched off.

In Figs. 6(c) and 6(d), we display the low-temperature
(T=5 K) bias behavior of the parallel, T;; (black squares),
and perpendicular, T; ; (red circles), components of the local
spin torque on the first site in the central FM for #=7 and for
N.=4 ASs and N.=7 ASs, respectively. The local spin-
transfer component, T, exhibits a switch on bias behavior at
V! and at V! , similar to that of the spin-polarized currents
in Fig. 6(a). On the other hand, 7; ;, which is nonzero for
zero bias, displays a nonmonotonic bias dependence, chang-
ing sign between V! and V! , similar to that of the exchange
field in quantum dots connected to FM leads.?? It is impor-
tant to note that both 7, and T; | are strongly enhanced for
N_.=7 ASs in Fig. 6(d), even though the corresponding spin-
polarized currents are smaller than those for N.=4 ASs.
Thus, the enhancement of the local spin torque is not asso-
ciated with a corresponding enhancement of the spin-
polarized currents. This result clearly demonstrates that the
underlying mechanism that controls the local spin-transfer
torque enhancement is the close proximity of the majority
and minority QWS energies of different quantum number,
E"TzE”’l, within the bias energy window. This in turn en-
hances the spin mixing o« ¢ in the central FM, when elec-
trons tunnel resonantly through the SPQWSs. The enhance-
ment of the local spin-transfer torque is independent of the
parity of the QWS wave functions. This spin-transfer torque
enhancement may have technological applications since the
CIMS may be facilitated under such conditions.
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FIG. 7. (Color online) [(al) and (a2)] Energy dependence of the
real (red squares) and imaginary (black squares) parts of G=T} for
(E"<E') and (E'=~E!), respectively; [(bl) and (b2)] bias depen-
dence of T} (blue squares) and of T; | (green squares) correspond-
ing to (al) and (a2), respectively.

In order to elucidate the role of the SPQWSs on the en-
hancement and bias dependence of the local spin torque, we
have used a simple model of a central FM region consisting
of a single site coupled weakly to the leads. We have shown
that, to leading order in the coupling parameter ¢, the on-site
spin off-diagonal nonequilibrium Green’s function is

Gl=i 2 f6l'slGl. (1

a=L,R

Here, Ey:ﬁcﬂ{Nl—Nﬂsin(G) is the self-energy due to the
leads, and NL(D is the surface density of states of the L(R)
leads, which, for simplicity, are taken to be energy indepen-
dent. In the weak coupling regime, the retarded (advanced)

Green’s functions of the coupled system, Gy, can be ap-

proximated with those of the uncoupled system, g‘f(‘;), ie.,

T =8rm=LE-E7+in]™, where 7 is taken to be spin in-
dependent. Therefore, the spin-transfer torque components,
determined by the nonequilibrium on-site magnetization,”!

arc

v nWE' - E)
= (E-EY+ P )(E-EY)+ )

T',H o

1

dE (12)

and

v (E-EE-EY)+ 7
w (E-ENV+ P )(E-EY + 1)

The energy dependence of the real (red squares) and
imaginary (black squares) parts of G=!! for (E'<E') and
(E'=E") are shown in panels (al) and (a2) of Fig. 7, respec-
tively. The corresponding bias dependence of T;; (blue
squares) and of T; , (green squares) are shown in panels (b1)
and (b2) of Fig. 7, respectively. One can clearly see that the
overall bias dependence of this simple model reproduces
qualitatively that displayed in Figs. 6(c) and 6(d). More spe-
cifically, the switch-on behavior for T, and the sign change
of T; , with bias are associated with the relative position of

T;, =

dE. (13)
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FIG. 8. (Color online) (a) Angular dependence of the net (a)
fieldlike torque and (b) spin-transfer torque for N,=4 and various
values of bias.

the majority and minority QWS energies which lie within the
bias energy window. When E' =E!, both components of the
spin-transfer torque are dramatically enhanced, as shown in
Fig. 7(a2), due to the presence of higher-order poles in Egs.
(12) and (13).

The net spin torque components, Ty y=2;.cT; (1), are not
as strongly enhanced as the local torques, 7} and T; , , which
oscillate as a function of site i due to the electron precession
in the central FM (Fig. 5). The angular dependence of the net
fieldlike torque 7', and the spin-transfer torque 7 is shown
in Figs. 8(a) and 8(b), respectively, for N,.=4 ASs and for
various bias values. For zero bias, 7', displays sinusoidal
behavior, which, however, can change dramatically upon
increasing the bias. The net fieldlike torque can be
expressed®>?* as

Tl=_(9EXC(0)/(90’ (14)
where
Exc(0) =—J, cos(6) —J, cos*(6) + - (15)

is the effective exchange coupling energy® between M and
M, z). The out of equilibrium interlayer exchange coupling
has terms related to the spin-polarized tunnel current that can
dominate and alter the coupling behavior under certain bias
conditions.?® Here, J, and J, are the nonequilibrium bilinear
and biquadratic effective exchange couplings, respectively,

PHYSICAL REVIEW B 76, 224406 (2007)
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FIG. 9. (Color online) Bias dependence of the nonequilibrium
effective bilinear, J;, and biquadratic, J,, interlayer exchange cou-
plings for N.=4.

which are determined by fitting the angular dependence of
T, (6) in Fig. 8 to the above expression for various biases. In
Fig. 9, we show the bias dependence of J; and J, for N.=4
ASs. Tt is important to note that J, (red circles) reverses its
sign with bias, similar to T; , (V) in Fig. 6(c). On the other
hand, the bias dependence of J, (black squares) exhibits the
switch-on bias behavior found for T; (V). Hence, there is a
range of bias where J,>J;, favoring perpendicular align-
ment of M and M z).% In contrast, the angular dependence
of the net 7 exhibits a skewed sinusoidal behavior [Fig.
8(b)] for any bias, similar to that found in spin valves.

IV. CONCLUSION

In summary, we demonstrate that the local spin-transfer
torque can be dramatically enhanced when the majority and
minority QWSs of different quantum numbers are in close
energetic proximity and lie within the bias energy window.
This enhancement may in turn lead to reduction of the criti-
cal current necessary for CIMS in magnetic memories. The
spin-torque enhancement criterion may be achieved by con-
trolling the SPQWSs through an external magnetic field or
spin-dependent barriers. The SPQWSs tune selectively the
bias dependence of the spin-transfer and fieldlike compo-
nents of the local and the net spin torque. This results to an
anomalous angular behavior of 7', due to the bias interplay
of the bilinear and biquadratic effective exchange couplings.
Future work will be aimed to include the results for the local
spin torques of these calculations as an input into the
Landau-Lifshitz-Gilbert equation to calculate the critical cur-
rent for the CIMS.
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