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Recently experiments and theories show that the tunnel magnetoresistance (TMR) does not only depend on the

ferromagnetic metal electrodes but also on the insulator. Considering the rough-scattering effect and spin-flip effect

in the insulator, this paper investigates the TMR ratio in a ferromagnet/insulator/ferromagnet (FM/I/FM) tunnelling

junction by using Slonczewsik’s model. A more general expression of TMR ratio as a function of barrier height, interface

roughness and spin-flip effect is obtained. In lower barrier case, it shows that the TMR ratio depends on the rough-

scattering effect and spin-flip effect.
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1. Introduction

Since the discovery of giant magnetoresistance[1]

in magnetic superlattices, the study of spintronics or

spin electronics has attracted considerable interest be-

cause of their potential applications to magnetic sen-

sors and memory devices. Several experiments about

the large ballistic magnetoresistance (BMR)[2] and

the giant magnetoresistence (GMR)[3] have been re-

ported. Recently the diluted magnetic semiconductors

(DMSs)[4] have been a hot topic in this field because

the discovery of its ferromagnetism. The tunnel mag-

netoresistance (TMR)[5] effects in systems with spin-

polarized transport are at the heart of spintronics.[6]

Many theoretical models have been developed to in-

vestigate the TMR effect. A simple model proposed

by Julliere[7] is widely adopted, in which he made

an assumption that the tunnelling current is the sum

of those for spin-up and spin-down channels and the

spin-flip tunnelling is absent. The conductances of

polarized electrons are proportional to the product of

the density of states (DOS) near the Fermi level from

both magnetic electrodes for each spin channel. The

relative change of the tunnelling resistance is given

by ∆R/R = 2PaPb/(1 + PaPb), where Pa and Pb are

the conduction electron spin polarizations of the two

electrodes. Another theory of the TMR was given by

Slonczewski.[8] This model analyses the transmission

of charge and spin currents flowing through a one-

dimensional rectangular barrier separating two free-

electron-like ferromagnet (FM) metals. A δ-type po-

tential has been suggested to be the simplest descrip-

tion of the insulator (I) between the two FMs.[9] Both

models have been widely used to explain the exper-

imental results, and works have been done to com-

pare these two models.[9,10] It seems that the Jul-

liere model overestimates the values, and the Slon-

czewski model explains the low values of GMR ob-

served previously.[11]

In the absence of detailed structural models of

the junctions and the materials-specific electronic

structures, the model suggested by Julliere focused

on the factors contributing to the spin polarization,

and made impossible a detailed theoretical study.

While in experiment, observation of inverse TMR

has been observed,[12] which shows that the trans-

port properties of TMR depend not only on the

ferromagnetic metal electrodes but also on the in-

sulator. And rough interface scattering and spin-

flip effects[13] will change the transport current. In

this paper, using the model of Slonczewski and a

δ-type potential, we will investigate the TMR in a

ferromagnet/insulator/ferromagnet (FM/I/FM) tun-
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nelling junction. We consider the spin-flip and scat-

tering roughness effect in the insulator. In higher po-

tential barrier, it can reproduce precious result ob-

tained in Ref.[9], while in lower potential barrier the

TMR ratio is affected by the interface roughness and

the spin-flip effect.

2. The spin-polarized tunnelling

model

Let us consider a FM/I/FM trilayer structure of

two ferromagnetic layers separated by a very thin in-

sulating layer. The layers are assumed to be x − y

plane and to be stacked along the z direction. Gao

et al
[11] have demonstrated that there is only small

difference between the magnitude of TMR calculated

by using the δ-type potential and the rectangular po-

tential while the δ-type potential leads the calculation

simplified. In this paper, we choose the thin insulat-

ing layer as a δ-type potential. Without considering

the thickness of the insulator, the effect of the insula-

tor disorder on the transverse momentum will not be

considered. We will consider this effect in our further

study.

When considering the rough interface, by us-

ing the Green function method, Dong et al [14] have

demonstrated that its effect can be modelled as an

imaginary non-Hermitian Hamiltonian. This non-

Hermitian Hamiltonian leads the current unconserved

in the z-direction, which can be attributed to the fact

that the roughness scatters the z-direction current to

other direction. Because when using the Green func-

tion method, we only consider small rough scattering

effect, the unconserved current in z-direction is very

small in comparison with the total current. Consid-

ering the spin-flip effect, we can model the potential

at the insulator interface as U(r) = Uδ(z) at z = 0,

where U is composed of three parts and it can be writ-

ten as

U = U1

[

1 0

0 1

]

+ U2

[

0 1

1 0

]

− iU3

[

1 0

0 1

]

, (1)

where U1 describes the normal barrier height and

width, U2 the spin-flip effect and U3 the rough-

interface scattering height effect. With the free-

electron approximation of the spin-polarized conduc-

tion electrons, the effective one-electron Hamiltonian

is give by

H = − ~
2

2m

∂2

∂r2
+ Uδ(z) − h(z) · σ. (2)

Here the first term on right-hand side is the kinetic en-

ergy, the second one is the potential energy of equation

(1), and the third one is the internal exchange energy

with h(z) the molecular field and σ the conventional

Pauli spin operator.

Consider a spin-up electron incident on the bar-

rier from the left FM, by matching value and slope of

wave functions across the barrier, one finds that this

incident electron will produce four sets of quasipar-

ticle wave: spin-up and spin-down electrons reflected

in the left FM, and spin-up and spin-down electrons

transmitted into the right FM. It is worth to point

out here that a spin-up incident plane wave can gen-

erate a spin-down reflecting wave due to the change in

spin quantization axis. This phenomenon is similar to

the well-known Andreev reflection,[15] which occurs in

normal-metal-insulator-superconductor junctions, al-

though their mechanisms are different. The wave func-

tions on both sides of the barrier are given by

ψA(z) =

[

1

0

]

eika

z↑z +R↑

[

1

0

]

e−ika

z↑z

+R↓

[

0

1

]

e−ika

z↓z, (3)

ψB(z) = C↑

[

1

0

]

eikb

z↑z + C↓

[

0

1

]

eikb

z↓z, (4)

where the ka
zs and kb

zs with s =↑ and ↓ are the

z-direction wave vectors, with ~k↑ =
√

2mE and

~k↓ =
√

2m(E − ∆), E is the energy of the electron

and ∆ = 2h. Rs and Cs are coefficients to be de-

termined by boundary conditions. Considering that

the two FMs have different M directions, we use the

following spin transformation matrix:

T̂ =









cos
θ

2
sin

θ

2

− sin
θ

2
cos

θ

2









, (5)

where θ is the angle between the magnetizations of the

two FMs. Then boundary conditions at z = 0 can be

written as

ψA(0) = T̂ψB(0), (6)

(

∂ψA

∂z

)

z=0

+
2mU1

~2
ψA(0)

+
2mU2

~2

[

0 1

1 0

]

ψA(0) − i
2mU3

~2

[

1 0

0 1

]

ψA(0)

= T̂

(

∂ψB

∂z

)

z=0

. (7)
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After tedious calculation, we find

C↑(0) = 2ka
z↑(k

a
z↓ + kb

z↓ +Q3 + iQ1]/D(0), (8)

C↑(π) = 2ika
z↑Q2/D(π), (9)

C↓(0) = 2ika
z↑Q2/D(0), (10)

C↓(π) = 2ka
z↑(k

a
z↓ + kb

z↑ +Q3 + iQ1]/D(π), (11)

where

D(0) = (ka
↑x+ kb

↑x+Q3 + iQ1)

× (ka
↓x+ kb

↓x+Q3 + iQ1) +Q2
2, (12)

D(π) = (ka
↑x+ kb

↓x+Q3 + iQ1)

× (ka
↓x+ kb

↑x+Q3 + iQ1) +Q2
2, (13)

and Qi = 2mUi/~
2, i = 1, 2, 3. For a spin-down inci-

dent wave from the left FM, similar expression can be

obtained with

C′
↑(0) = 2ika

z↓Q2/D(0), (14)

C′
↑(π) = 2ka

z↓(k
a
z↑ + kb

z↓ +Q3 + iQ1]/D(π), (15)

C′
↑(0) = 2ka

z↑(k
a
z↑ + kb

z↓ +Q3 + iQ1]/D(0), (16)

C′
↓(π) = 2ika

z↓Q2/D(π). (17)

3. Results and discussions

In the absence of applied voltage all the electrons

are at equilibrium state and there is no net tunnelling

current. When a small voltage V is applied, a nonequi-

librium electron population will be generated. For a

small voltage, the charge-current density across the

tunnelling barrier can be evaluated by[16]

J = J↑ + J↓

= −e2V

[
∫

d3kb
↑

(2π)3
∂f0(E

b
↑ )

∂Eb
↑

(|C↑|2 + |C′
↑|2)vb

z↑

+

∫

d3kb
↓

(2π)3
∂f0(E

b
↓ )

∂Eb
↓

(|C↓|2 + |C′
↓|2)vb

z↓

]

, (18)

where vb
zs = ~kb

zs/m, and f0(E
b
s ) is the equilibrium

distribution function of conduction electrons with en-

ergy Eb
s and spin s. The triple momentum integral in

Eq.(19) is readily reduced to a single one by chang-

ing the integration variables to the spheroidal coordi-

nates, and under the approximate relation ∂f0/∂E
b
s ≃

−δ(Eb
s − EF) for low temperatures (kBT ≪ EF),

we only need to calculate these electrons near Fermi

sphere, then we will get

J = − e2V

~(2π)2

[
∫ kF↑

0

kdk(|C↑|2 + |C′
↑|2)

+

∫ kF↓

0

kdk(|C↓|2 + |C′
↓|2)

]

, (19)

where kFδ is the Fermi vector at the Fermi sphere.

The tunnelling conductance is defined by σ(θ) =

J(θ)/V , which is θ dependent because all the coeffi-

cients are θ dependent. We can get

σ(0) =
e2

4π2~
× {[(kb

↑k
a
↑)

2I(kb
↑ + ka

↑) + (kb
↓k

a
↓)

2I(kb
↓ + ka

↓)] + [(kb
↑k

a
↓)

2 + (kb
↓k

a
↑)

2]I ′(kb
↓ + ka

↓)]}, (20)

σ(π) =
e2

4π2~
× {[(kb

↑k
a
↓)

2I(kb
↑ + ka

↓) + (kb
↓k

a
↑)

2I(kb
↓ + ka

↑)] + [(kb
↓k

a
↓)

2 + (kb
↑k

a
↑)

2]I ′(kb
↓ + ka

↑)}, (21)

where I(k) =
∫ 1

0

4x3[(Q2
1a+ bc)2 +Q2

1(Q
2
2 −Q2

1 − b2)2]

[Q2
1(a

2 + b2) − 2Q2
1Q

2
2 + c2]2

dx

with a = kx + Q3, b = (K − k)x + Q3, c = kx2(K − k) + KxQ3 + Q2
3 + Q2

2, K = ka
↑ + ka

↓ + kb
↑ + kb

↓ and

I ′(k) =
∫ 1

0

4x3

Q2
1(a

2 + b2) − 2Q2
1Q

2
2 + c2

dx.

The maximal TMR can be defined as ∆Rmax/R = [σ(0) − σ(π)]/σ(0). As a result, we can get

∆R

R
= 1 −

(kb
↑k

a
↓)

2I(kb
↑ + ka

↓) + [(kb
↓k

a
↓)

2 + (kb
↑k

a
↑)

2]I ′(π) + (kb
↓k

a
↑)

2I(kb
↓ + ka

↑)

(kb
↑k

a
↑)

2I(kb
↑ + ka

↑) + [(kb
↓k

a
↑)

2 + (kb
↑k

a
↓)

2]I ′(0) + (kb
↓k

a
↓)

2I(kb
↓ + ka

↓)
. (22)

In the case of high barrier when Q1 ≫ 2kb
↑ , the ap-

proximate TMR ratio in Ref.[8] can also be obtained

as

∆R

R
=

2PaPb

1 + PaPb
, (23)

where

Pa =
(ka

↑)
2 − (ka

↓)
2

(ka
↑)

2 + (ka
↓)

2
. (24)

The expression for Pb is identical to Eq.(15) except

that subscript a is replaced by b as in Ref.[9].
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We now study how the insulator barrier affects the

TMR ratio. The barrier height is characterized by Q1,

the spin-flip effect by Q2 and the interface roughness

by Q3. In numerical calculation we take k2
↓/k

2
↑ = 0.48.

First, we investigate the effects of barrier height and

the spin-flip effect when there is no interface rough-

ness (Q3 = 0). Figure 1 shows the TMR ratio, to-

gether with tunnelling conduction σ(0) and σ(π), as a

function of the barrier strength for three fixed values

of Q2. When the barrier height is low, the TMR ratio

changes from negative to positive and the conductance

σ(0) and σ(π) decrease after a maximum with the in-

creasing of Q1. This result can be attributed to the

facts that the spin-dependent tunnelling gives rise to

a difference in conductances between the parallel (P)

and anti-parallel (AP) arrangements of the magnetiza-

tions to the two FMs and that the spin-conserving and

spin-flip tunnelling processes have the opposite effect

on TMR. For the spin-conserving tunnelling process,

the P arrangement yields much higher conductance

through the barrier than that of the AP arrangement,

Fig.1. The TMR ratio, together with tunnelling conduc-

tion σ(0) and σ(π), as a function of the barrier strength

when Q3 = 0 where k2

↓
/k2

↑
= 0.48.

leading to a large negative TMR. For the spin-flip tun-

nelling process, however, the situation is quite the op-

posite. With the increase of Q1, the spin-conserving

tunnelling becomes larger, and the TMR ratio changes

from negative to positive.

Secondly, we investigate the effects of barrier

height and the interface roughness when there is no

spin-flip effect (Q2 = 0). Figure 2 shows that with

the increase of Q1 and Q2, the tunnelling conduction

σ(0) and σ(π) decrease and the TMR ratio increases.

It shows that the roughness affects the TMR ratio and

adds the spin-conserving process.

While in higher barrier (Q1 ≫ 2kb
↑) case, the

TMR ratio magnitude is almost unchanged with Q1,

Q2 and Q3 as shown in Fig.1 and Fig.2. From equa-

tion (23), we can find that the electron wave vectors

of the two FMs determine the TMR ratio.

Fig.2. The TMR ratio, together with tunnelling conduc-

tion σ(0) and σ(π), as a function of the barrier strength

when Q2 = 0 where k2

↓
/k2

↑
= 0.48.

In summary, we have studied the tunnelling mag-

netoresistance in the FM/I/FM tunnel junction when

there are the rough-scattering effect and spin-flip ef-

fect. In lower barrier case, the TMR ratio changes

with the rough scattering effect and the spin-flip ef-

fect, which shows that the TMR ratio depends on the

insulator. While in higher barrier case, the electron

wave vectors are more important in determining the

TMR ratio.
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