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Perpendicular Spin-transfer Torque in Asymmetric Magnetic Tunnel Junctions:
Material Parameter Dependence
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Spin-transfer torque is a useful tool to control the magnetic state in nanostructures. In magnetic tunnel junc-
tions, the spin-transfer torque has two components, the in-plane spin torque and the perpendicular spin torque.
While properties of the in-plane spin-transfer torque are relatively well understood, properties of the perpen-
dicular spin-transfer torque still remain controversial. A recent experiment demonstrated that in asymmetric
magnetic tunnel junctions, the bias voltage dependence of the perpendicular spin-transfer torque contains both
linear and quadratic terms in the bias. However it still remains unexplored how the bias voltage dependence
changes as a function of material parameters. In this paper, we systematically investigate the perpendicular
spin-transfer torque in asymmetric magnetic tunnel junction by varying spin splitting energy, work function
difference, and Fermi energy of the ferromagnetic metal leads.
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I. Introduction

The magnetic tunnel junction (MTJ) has large interest
because it has many applications such as non-volatile
memories and radio frequency generators [1,2]. These
applications are due to the dynamics of magnetization in the
ferromagnetic layers, and this dynamics can be controlled
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not only by a magnetic field but also by a current. Current
flowing in a ferromagnetic metal is spin polarized. This
polarized current tunnels to the other ferromagnetic metal
and interacts with its magnetization. This gives a torque
to the magnetization called spin-transfer torque [3, 4].
There are many theories to calculate a spin-transfer torque
and many experiments to measure the torque in MTJ, but
the controversy still remains especially for the perpendicular
torque [5-16]. The bias dependence of the perpendicular
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torque is unclear even the sign of it. Also most calculations
are done for symmetric junctions and not for asymmetric
ones.

In this paper, we calculate the perpendicular spin-transfer
torque in an asymmetric junction. The voltage dependence of
the perpendicular spin-transfer torque is examined system-
atically by varying the spin splitting energies, work functions,
and Fermi energies of two ferromagnetic metals.

I1. Method

Consider a conventional MTJ structure, as shown in
Fig. 1, which has two ferromagnetic metal leads connected
by a nonmagnetic insulator of widgh d. Thg angle between
the two magnetization directions M, and My of the leads
is 6. We introduce two ﬁlocalﬁcoordinate; z (z") axis is
along the magnetization M; (My).

We applied the free-electron model [17], and an electron
wave function is determined by single electron Schrodinger
equation. Considering the exchange energy in the ferro-
magnetic leads, the difference of work functions of two
leads, and the fact that most of applied bias voltage drops
in the non-magnetic insulator, the Schrédinger equation is
written as follows:

2
—2h—vqf + U, = EY, (1)

Here o =" for each spin, and U, is spin and spatial
dependent potential given by

- 0B, (r<0)
U, = Uo—(eV+AW)Jé (0<y<d) )
—oBy—(eV+AW) (y>d)

(o in the formula equals to 1 9(—1) for s=7 (1) in the
subscript). The magnitude of B is half of the exchange
energy, and the direction of it is parallel to that of the
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Fig. 1. Schematic diagram of a magnetic tunnel junction.
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Fig. 2. Potential profile of the MTJ. In the diagram, the energy
bottoms of the leads are averaged V_glues of energy bottoms of
spin up and down electrons. — 3 - B has to be added for each
spin.

magnetization of each lead. AW is the difference of the
work functions (AW = W, — W), V is applied bias voltage,
and U, is the potential barrier height when AW and V'
vanish (Fig. 2).

If we write W(x, y, z) = e*e®\y(y), the Schrodinger
equation is reduced to

W d

o dyz\vc UsYo = €Y, 3)

2
where, € = F — Zh—m(ki + kﬁ). The solutions of these equa-
tions are well known in each region and the wave
functions can be written as

Vi = ALGeikLUy + BL067 ikLcy) hkLcs =

VYpe = CBGAZ(Z) + DBGBi(Z)a

J2m(e + oB))

Z(y )—(d“zm) ( — (e V+AW)——8) (4)
WYre = ARceikRGO)ﬂZ) + BR667 ich()'*d)’

hkp, = J2m(s + 6By + eV + AW)

Here, Ai, Bi is Airy function of the first and second kind
respectively, and 4; o, B;o, Cpo, Doy Aro» Bro are unknown
coefficients to be determined by initial and boundary
conditions.

After these coefficients are determined, the spin currents
can be calculated by the following formula.

2

i ( d )
]S 2m]m ZUG \VG ch (5)

This is a spin current for particular energy ¢, and to find
the total spin current, we have to integrate up to the Fermi
energy Er in each lead.

Epn—(eVEAW)

J= (" jide- | fide (©)

—GB; —0Bp—(eV+AW)

In the first integral, j! is determined from the wave function
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with the initial conditions that the electron flows out from
the left lead (for example, if the spin-up electrons flow
out from the left lead, 4,4 =1, A7 =0, Brt =0, Brl =0).
In the second integral, j! is determined in a similar way
but electrons flow out from the right lead.

From this total spin current, the spin transfer torque
acting on the leads can be calculated by using the angular
momentum conservation. The spin transfer torque acting
on the left lead is

T/ ==J, T/ == (7)
and for right lead,

T ==Ji, T&" == ®)
where,

J' = JcosO + F'sin®

L= J'sin® + JcosO 9)

II1. Results and Discussion

We investigate the bias dependence of the perpendicular
spin-transfer torque acting on the right lead for asymmetric
MTlJs. As sources of the asymmetry, we consider the
following factor; difference of the spin splitting energies,
Fermi energies, and work functions of the ferromagnetic
metal leads. The effect of each factor is considered
independently.

To obtain the numerical results, we set the Fermi energy
of the left lead to 2.62 eV, and the spin splitting energy to
1.96 eV. The potential barrier height is 1.5 eV from the
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Fig. 3. Perpendicular torque versus bias voltage for various
spin splitting energies (A,) of the right lead. The value of A,
(=Bg) is 0.98 eV for the top curve and 2.40 eV for the bottom
curve.
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Table 1. Fitting parameters and norm of residuals for the data
shown in Fig. 3. Fitting equation is 7= p,V? + p,V + ps.

A (= By) )2 P2 D3 Norm of residuals
V) (eV/um*V?) (eV/um?V?) (eV/um*V?) (eV*/um®)
0.98 -2.3964 —-1.02040 -3.0293 1.0892
1.50 —4.3867 -0.75111 -5.1036 1.4024
1.96 —6.6625 1.2022e-13  -7.2212 1.7326
2.40 -9.0794 0.42652 -8.5377 4.0145

Fermi energy of the left lead, and the width of the barrier
is 0.7 nm. The angle between two magnetizations of the
leads is m/2.

In Fig. 3, the perpendicular spin torque is calculated for
various spin splitting energy of the right lead. The difference
of work functions is set to be 0, and Fermi energy of the
right lead is the same as that of the left lead. Dots are the
results and fitting parameters are in Table 1. In the Table,
norm of residuals is the sum of squared differences of the
data and fitting values.

In the symmetric case (bottom curve with Epz =2.62 eV),
the linear term is almost vanishing as expected. But out of
the symmetric case, the linear term appears with comparable
magnitude to the quadratic term. If the spin splitting energy
has larger energy, the maximum of the torque occurs at
more negative bias.

Fig. 4 shows the effect of the difference of work functions
of the two leads. The Fermi energy and the spin splitting
energy of right lead are the same as that of left lead. The
fitting parameters are given in Table II. As before, out of
the symmetric case, the linear term appears.

The Fermi energy dependence of the torque is shown in
Fig. 5. The spin splitting energy of the right lead is the
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Fig. 4. Perpendicular torque versus bias voltage for various
work function differences. The value of W (= AW) is 0.80 eV
for the top curve and 0 eV for the bottom curve.
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Table II. Fitting parameters and norm of residuals for the data
shown in Fig. 4. Fitting equation is 7= p, V2 + p,V + ps.

W (=AW) )2 )2 §2 Norm of residuals
V)  (eV/um?V?) eV/um’V?) eV/um’V?)  (eV7/um?)
0 -6.6625 1.2022e-13 -7.2212 1.7326
0.20 -5.2735 0.19066 -5.7219 1.3010
0.40 —4.1790 0.29167 —4.5501 1.0041
0.60 -3.3187 0.33658 -3.6312 0.78941
0.80 —2.6427 0.34713 -2.9079 0.62815
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Fig. 5. Perpendicular torque versus bias voltage for various
Fermi energies of the right lead. The value of Egz is 3.40 eV
for the top curve and 2.62 eV for the bottom curve.

Table III. Fitting parameters and norm of residuals for the
data shown in Fig. 5. Fitting equation is 7= p, V> + p,V + p.

Erp )2 P2 s Norm of residuals
€V) (eV/um*V?) (eV/um*V?) (eV/um’V?) (eV*/um®)
2.62 -6.6625 1.2022e-13 -7.2212 1.7326

2.80 =5.7712 —-0.65281 —6.5840 1.3010

3.00 —4.8619 -1.33580 —5.8679 1.3868

3.20 —4.0489 -1.93000 -5.2023 1.3123

3.40 —3.3358 -2.41500 —4.6144 1.1918

same as that of the left lead, and the difference of the
work function is set to zero. The fitting parameters are
given in Table III.

IV. Summary

We investigate the bias dependence of the perpendicular
spin-transfer torque in MTJ. In the symmetric case, the
dependence is only quadratic and no linear term. But if
the symmetry is broken by varying the spin splitting energy,
work functions and Fermi energy of the two leads, the

— 55—

dependence has linear term of which the magnitude is
comparable to the quadratic term.
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