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Non-Equilibrium Green Function Method in Spin Transfer Torque
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We invegtigate the spin transfer torque in metallic multilayer syssem by employing Keldysh non-equilibrium
Green function method. We study the dependences of the spin transfer torque on the detailed energy configu-
ration of ferromagnetic, spacer, and lead layers. With Keldysh non-equilibrium Green function method applied
to a single band model, we explore spin transfer torque effect in various layer structures and for various mate-

rial parameters.
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1. Introduction

Spin transfer torque (STT) is one of the exciting
phenomenain the recent studies of modern magnetism [1-
5]. The STT is related novel spintronic devices such as
current induced magnetization switching (CIMS) and
domain wal motion (CIDWM). Especidly, the CIMS
device can overcome the selectivity and scalability pro-
blems in conventional magnetoresistance random access
memory (MRAM) and pave the way to the commerciali-
zation of spin torque MRAM [6]. The CIMS due to the
spin transfer torque occurs at magnetic trilayer structures
with two ferromagnetic layers separated by a non-magnetic
layer. And it is basically non-equilibrium phenomena
since strong current flows are necessary to induce the
magnetization switching. Since spin polarized current
carries spin angular momentum from one ferromagnetic
layer to another ferromagnetic layer, non-equilibrium
physics must be employed for the proper treatment of the
problem. One of the successful tools to address such a
problem is the non-equilibrium Green function method
developed by Keldysh [7]. Recently, Edwards et al.
developed a self-consistent theory for CIMS by employ-
ing the Keldysh Green function method for the current
perpendicular to plane (CPP) metallic multilayer geometry
[8]. With in the same framework, the STT in the magnetic
tunneling junction (MTJ) is aso reported [9], and
anomalous bias dependence of the STT is predicted [10].
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In this study, we apply the Keldysh non-equilibrium
Green function method for the STT [8] to various layer
structures. We calculate the dependences of the STT on
the energy configurations of ferromagnetic, non-magnetic
spacer and lead layer, respectively. It is found that the
effect of the STT can be tailored by band structure
engineering such as aloying.

2. Theoretical Modd

We briefly introduce the Keldysh Green function method
for the STT [8]. The considered layer structure is
schematically sketched in Fig. 1. The layer consists of a
semi-infinite left lead layer, a finite fixed ferromagnetic
layer (polarizer layer), a non-magnetic metallic spacer
layer, a free ferromagnetic layer (switching layer), and a
semi-infinite right lead layer as shown in Fig. 1. Each
layer can be described by a tight binding model, which
can describe general multi-orbit band structure. Here, we
consider only single band model for smplicity. In order to
handle the STT, the surface Green function method has
great advantage [11-13]. With a help of surface Green
function method, we can treat easily any kind of layer
structure. According to Ref. [8], the spin current a n-th
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Fig. 1. Schematic sketch of the layer structure. The semi-infinite left lead layer is placed at the left side, and finite ferromagnetic
layer (polarizer), N-atomic non-magnetic metallic spacer layer, M-atomic ferromagnetic layer (switching layer) are sequentialy
deposited. The other semi-infinite right lead layer is dso placed at the right side. The direction of the magnetization of polarizer
layer is placed in the xz-plane with angle 6 from positive z-axis. And the switching layer magnetization direction is parallel to the

positive z-axis.

Fig. 2. Schematic diagram of the band structure of the tight
binding model. The band width W = 12t is depicted.

Here, A=[1-geT'gTI ", B=[1-gkT'gkT1™ and f(w—u)
is the Fermi distribution function with chemical potential
M. . and ur are the chemical potential of left and right
leads such that 14 — ur = €Vy, bias voltage. G is the Pauli
matrix vector, and T is a hopping matrix. g, are gr the
surface Green functions for the decoupled equilibrium
system, and they are 2x2 matrices for the single band
model. The decoupled equilibrium surface Green functions
can be evaluated in a dtraightforward way for a given
band structure. More details can be found in Ref. [8] and
references therein. In this study the nearest neighbor
hopping parameter t=0.5 eV and the band width W=
12t = 6 eV istaken for the whole system as shown in Fig.

2.

The physical meaning of (j,», and {j.), are aready
clearly explained in [8], Recdling that (j.), is related
with the interlayer exchange coupling [13] and the
interlayer exchange coupling decays as square of the
spacer layer thickness, (j,», may be neglected for thick
non-magnetic spacer layer cases.

3. Reaults and Discussons

In Flg 3, we pIOt the TL,1=<jSpacer>1_<jLead>l as a
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Fig. 3. T11=(jspacer)1=( JLeaa)1 S afunction of the non-mag-
netic spacer layer thickness N. With increasing N, it decreases
while exhibiting an oscillation. The data (N > 10) are magni-
fied by 50 times.
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Table 1. Band energy configurations. Vgé are on-site poten-
tias for spin up and down for polarizer and switching layer,
and Vgacer IS for the spacer layer, respectively. N, M, and Mg
are the number of atomic layer for the spacer, polarizer and
switching layers. Each energy has a unit of eV.

Non-Equilibrium Green Function Method in Spin Transfer Torque— Chun-Yeol You

cae V& V& Ve V& V& Vien N M, M,
(A) 23 30 23 23 30 23 130 e« 5
(B) 23 30 23 23 30 23 2 < 5
(CC 23 30 2030 23 30 23 20 <« 5
(D) 23 30 23 23 30 2030 20 o« 5
(E) 23 30 23 23 2334 23 20 o« 5

function of the non-magnetic spacer layer thickness. Here
<j$pacer>1 and <jLead>1 ae <jn>1 terms at the rightmost
layer of the spacer and the leftmost layer of the right lead,
respectively. We take the parameters of case (A) in Table
1 for this calculation. It is clearly shown that T, ; term
decreases with oscillation, which is a well-known pro-
perty of the oscillatory interlayer exchange coupling in a
trilayer structure [14].

From now on, we will consider only <j.), term, which
is related to the torque, T, exerting at the switching layer
as follows [8]:

T=< J Spacer>2_< J Lead>2 . (3)

The in-plane, T, =T,, and out-of-plane, T, =T, compo-
nents are plotted as a function of the angle & between
magnetization directions of polarizer and switching layers
in Fig. 4. The case (B) in Table | is considered in this
calculation. The spacer layer thickness N is fixed to 20,
and we set VFT :v; =Vgpacer = Vieag- ThiS Case mimics the
Co/Cu/Co system since the band structure of Cu is well
matched with fcc Co majority one. This result is the
reproduction of Ref. [8]. T, is depicted together for the
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Fig. 4. In-plane, T}, and out-of-plane, T, components are plot-
ted as a function of the angle 8 between the magnetization
directions of the polarizer and switching layers. The unit of
torque T, is eV, For the comparison, T, 1 x 10% is also shown.

comparison. As aforementioned the interlayer exchange
coupling, T, 1, term is much smaller than the spin torque
term for N= 20. The angular dependence of STT is
amost sind even though there exist small deviations.

We vary the on-site energy of the spacer layer Vgce
and Vg lead layer from 2.0 to 3.0 eV for the case (C) in
Table 1. Figure 5 shows the schematic energy configu-
rations and Fig. 6(a) and (b) show the results. When
Vgpacer Varies from 2.0 to 3.0 eV, T, have its maximum for
Vaacer ~V& =V, as shown in Fig. 6(a). The Ve Vari-
ation shows very similar behavior wtih, V| eaq ~V§ = V.I ,
resulting in maximum T;. It is clear that T is a function of
the energy band structure of not only spacer layer, but
also the lead layer. It is worthwhile to note that Ve, ~ Vs,

Lead Layer

Fig. 5. Variation of the on-site energy of the spacer layer, Ve, and lead layer, Vi eq. The results of Fig. 6 (&) are calculated with
fixed Vied and varying Vgecer, and the results of Fig. 6(b) are calculated with fixed Vg and varying Vi eg.
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Fig. 6. Ty and T, for (a) various Vg (case (C) in Table 1), (b)
Various Vi eq (case (D) in Table 1).

while Vg, ~ Véo. Therefore Co/Cu/Co/Cu is near the best
combinations, and Co/Ru/Co/Cu is near the worst combi-
nation.

Next, we vary the exchange splitting energy of the
switching ferromagnetic layer, A = Ve — V& while that for
the polarizer layer is fixed, case (E). Figure 7 shows the
STT as a function of A for =z/2. The results indicate
that large exchange splitting energy generates strong STT,
but it saturates for A ~ 0.7 eV. It issurprising that the STT
is hot a monotonic increasing function of A. Instead it
oscillates as depicted in Fig. 7. Ty and T, show their peak
valuesat A ~0.35 and 0.15 eV, respectively. The physica
origin of the unexpected oscillation is not clear, however,
it may be ascribed to a resonance due to the wave nature
of the electron spins.

It must be noticed that the Keldysh non-equilibrium
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Fig. 7. Ty and T, as a function of A, case (E) in Table 1.

Green function formalism presented in this paper is
optimized for the balistic transport, and it does not
include the effect of diffusion. In metallic system, the spin
accumulation due to the diffusion is important [15]. In
this study, such spin accumulation is not taken into
account.

4. Conclusions

We study the spin transfer torque in metallic multilayer
system with the Keldysh non-equilibrium Green function
method. The band structure dependent STT is calculated
for various cases. We find that the STT effect can be
enhanced with proper design of the band configurations
of the ferromagnetic, non-magnetic spacer, and lead
layers.
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