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This paper investigates the effect of Dresselhaus spin—orbit coupling on the spin-transport properties of ferro-

magnet/insulator/semiconductor/insulator/ferromagnet double-barrier structures. The influence of the thickness of the

insulator between the ferromagnet and the semiconductor on the polarization is also considered. The obtained results

indicate that (i) the polarization can be enhanced by reducing the insulator layers at zero temperature, and (ii) the

tunnelling magnetoresistance inversion can be illustrated by the influence of the Dresselhaus spin—orbit coupling effect

in the double-barrier structure. Due to the Dresselhaus spin—orbit coupling effect, the tunnelling magnetoresistance

inversion occurs when the energy of a localized state in the barrier matches the Fermi energy Ep of the ferromagnetic

electrodes.
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1. Introduction

1-3] has at-

Recently, spin-polarized transport!
tracted a rapidly growing attention due to its po-
tential applications to spin-electronic devices. One
of the main challenges of spintronics today is to
combine ferromagnet (FM) and semiconductor (SM)

properties. -]

Due to its fundamental importance
and potential microelectronic applications, a typ-
ical FM/SM/FM!® nanostructure where electronic
spin injection from FM into SM has attracted in-
tensive research interest, both experimentally and
theoretically.!®7=13] The most well-known spintronics
device is the spin transistor based on spin precession
controlled by an external electrical field via spin—orbit
coupling (SOC) proposed by Datta and Das,”) but
this has yet to be realized experimentally.

The tunnelling magnetoresistance (TMR) is an-
other important character which was observed by

Jullierel* in a tunnel junction consisting of two thick

ferromagnetic layers and a thin insulator layer (IN).
The TMR is widely used in readout devices and non-
volatile memory cells.[51%:16] Recently, some experi-
mental groups discussed different mechanisms for the
inverse TMR, effect through different magnetic tun-
nel junctions.'7=22 Tsymbal et all'”) observed that
resonant tunnelling via localized states in the barrier
can invert magnetoresistance in magnetic tunnel junc-
tions. Teresa et all'8 proposed that different polarity
of the spin polarization of two contacts can lead to
the TMR inversion. Mukhopadhyay et al(2?! believe
that the TMR undergoes a change of sign at higher
bias and temperature. This phenomenon is attributed
to the competition between the spin conserved ballis-
tic transport through the pinhole contact where the
transmission probability is close to unity and spin po-
larized tunnelling is across the insulating spacer with
weak transmittivity. Chantis et al[?') demonstrated
that the observed reversal of the spin polarization in
Fe/GaAs(001) tunnel contacts is intrinsic to their in-
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terface electronic structure. This explains the experi-
mental findings of anomalous bias dependence of the
spin polarization in experiments on TMR. Moser et
all?? found that TMR changes sign with bias volt-
age at the epitaxial Fe/GaAs(001) interface. Different
mechanisms mentioned above about the TMR inver-
sion indicate that the reason of the TMR inversion is
different for various structures.
This paper studies the
and the TMR inversion for the
net/insulator /semiconductor/insulator /ferromagnet
(FM/IN/SM/IN/FM) double junction. Due to the
thin oxide layers at the interfaces between the FM

spin  polarization
ferromag-

and the SM caused by the experimental prepara-
tion technique, the thickness of the INs between
the FM and the SM should be considered theoret-
The effects of the Dresselhaus SOC on spin
polarization and TMR are investigated. Using the

ically.

Airy function, we study spin-dependent transport
through FM/IN/SM/IN/FM double tunnel junctions

subjected to an electric field.[?3! We consider the differ-
ence of electron effective masses in three different ma-
terial regions and the intrinsic conductivity mismatch
between ferromagnetic metal and semiconductors.!?4!
Our treatment still relies on the free-electron model of
the conduction electrons to study the spin-polarized
transport properties through the FM/SM/FM junc-
tions. This model is relatively simple and has been
adopted with success to study the spin-polarized tun-
nelling between iron-group ferromagnetic metals and

the tunnelling through FM/SM(IN)/FM junctions.

2. Model and method

We divide the double tunnel junction into five re-
gions (1, 2, 3, 4, and 5). The state densities of spin-up
(+) and spin-down (—) electrons in the ferromagnetic
substance and the schematic potential are shown in
Fig.1.

parallel

anti-parallel

Fig.1. The state densities of spin-up (4) and spin-down (—) electrons in the ferromagnetic substance and the

schematic potential for the FM/IN/SM/IN/FM structure in an applied positive bias V4. In the ferromagnetic

substance, the band of electrons with minority spins (—) is shifted by A with respect to the majority band (+). L
is the width of the double-barrier structure. c is the width of the middle SM. b and d are the width of the left and

right barriers, respectively. U is the barrier height.
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Based on the simple free-electron approximation
of the spin-polarized conduction electrons, we can
write the effective one-electron Hamiltonian as (in the
FM and IN regions)

h2
H = —2m,fv2 —F(2)+U(z) - h(2) o
(j=1,2,4 and 5) (1)

for the positive bias. Where

0, z <0,
F(z) =4 eVaz/L,0< z < L, (2)
eVa, z> L,

and m}, j = 1,2,4, and 5, stands for the electron ef-
fective masses in the different material regions. The
h(z) - o represents the internal exchange energy, here
h (z) is the molecular field and o is the conventional
Pauli spin operator. It is assumed in this model that
h = 0 within the IN and SM layers, and |h| = hg

within each FM layer, where hg is equal to —. A
is the exchange splitting energy in the ferromagnetic
substance. U(z) = 0 for the two FM layers and the
SM layer, and U(z) = U for the two INs.

In the SM region, we consider the transmission of
electrons with the initial wave vector k = (kj, k.)
through the double barrier structure grown along the
z direction. Here, k| is wave vector in the plane of
the interfaces and k, is a component of wave vector
in the direction of tunnelling. The electron motion in
the SM region is described by the Hamiltonian

52

*
2mj

H,=———-V?—F(2)+6E. + Hp, (3)
where m3 is the electron effective mass in the SM re-
gion, dF, is the conduction band mismatch between
the FM and SM, Hp is the Hamiltonian of the Dres-
selhaus SOC term caused by the bulk inversion asym-
metry and it exists broadly in the widely used IT1I-V
compound SMs with zinc-blende crystal structures. 2!
The Hamiltonian of the Dresselhaus SOC can be writ-

62
ten asl?? Hp = y(o.k, — ayky)@, where «y is the

AzsAi[p2o (2)] + BaoBi[p2s (2)]
A30Ai [pSa (Z)] + B30'Bi [pBa (Z)] )
Ass Al [p4a (Z)] + B4, Bi [p4c7 (Z)] )

wjo(z) =

Dresselhaus parameter denoting the strength of the
coupling, o, and oy are the Pauli matrices. The Dres-
selhaus SOC term can be diagonalized by the spinors
x+.27 The effective Hamiltonian in the SM has the
form

He— 0% TR F(z)+6F.,  (4)
2my 022 2mj ’
where
. ymsky "
mi—m3(1:|:2 = ) . (5)

Therefore, the Dresselhaus SOC effect on the spin-up
and the spin-down electrons is equivalent to a spin-
dependent modification of the effective mass.

In the FM regions, we use a plane-wave approxi-
mation. The wave functions of carriers with majority
and minority spins in the left and right electrodes are

1/)10 = Alaeiklaz + Blaeiiklgz (Z < 0)7 (6)

V5o = Asee¥5% 4 By el (2> b4 c+d), (7)

respectively. Where

le = ,/Zm’{Ef/hg — k“z,

ki) = \/zm»;(Ef — A)/R2 — K,

ks = \/Qm;(Ef +eVa) /B2 — k2

and

ksy = \[2m5(Br + eV — A) /12 — IF

are the Fermi wave vectors of the majority and mi-
nority subbands, respectively, ¢ = £1 corresponds to
o =T, |, respectively, Et is the Fermi energy with re-
spect to the bottom of the majority band.

In the SM and the IN regions, the Schréodinger
equation can be written by a simple coordinate
transformation whose solutions are the Airy function
Ai[p(z)] and its complement Bi[p(z)]. The general
solution of the Schrodinger equation for the positive

bias is given as

0<z<b (1 =2)
(G =3) (8)

(G =4)

b<z<b+ec
b+ec<z<b+4+c+d
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where p; ,(z) = )\io‘
j

and

+ Boj,e» (7 =2, 3 and 4), here

1
RL 73
_ i—9
| 2m§eVJ G ),
1
h2L -3
07 I 2m*ieVJ 1 G )
RL 173
_ .y
i 2mZeVd:| (] ))
h2k?
L(B-U—-—]
2m3; G=2)
eValo2 =
hzkzﬁ
L | Ef—0F —
Boj,c = ( f 2 §> X
Vodos j=3),
h2k2
L(B-U———1
2my _ 4
eValos I=

are the parameters, respectively.

According to the solution of the Schrodinger equation with the Hamiltonians (1) and (4) and the boundary
conditions for the wave function at the interfaces, we can derive a matrix formula that connects the coefficients
Ai, and Bj, with the coefficients As, and Bs, as (Aie, Bio)T = Miotal(Ase, Bso )T, where the total transfer

matrix is

Mtotal =

-1

1 1 Ai(Bo2) Bi(foz)
ikis  ikie 1 , ,
— Al - B
mi mi mioz | (Boz) mioz | (Bo2)

b —1
B (-
()\02 + 502)
Al —+ ) Bl [ — + )
m5Ao2 Ao2 Pox m5Ao2 Ao2 oz
b b
.Ai — Bi e R
(/\03 + ﬁo:s) (Aog + ﬁos)

1 b 1 b
Al — B —
Mo <)\03 + 503) ihos ! ()\03 + 503)

)\osb >\03b
1 ,(b+c , ( +c )
i + 8 i +
s < on ﬂoa) s o Boa
b+c b+c
A; \ + Boa B; 3 + Boa
04[) + 1 O4b +
1 , c , c
miXos < Ao M 504) milos ( Ao - 504)
b+c+d b+c+d -t
A; + 504) B; ( + Boa
Ao4 Ao4
1 ,(b+c+d 1 ,(b+c+d
- ; Boa » f Boa
M Aoa Ao4 mj o4 Ao4
oikso (betd) ik (btetd)

k5o oikse (bctd) _ k5o o—ikso (b+c+d)
ms ms
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Then, the transmission coefficient and the polar-
ization for the double-barrier structure shown in Fig.1

are
kso | 1|
Toor = — |—7—1 9
klo” Mtloltal ( )
and
Py = (Try = T1)/(Try +T1y), (10)
respectively, where ML is the left-upper element of

the total transfer matrix. Pj; is the polarization of
the double tunnel junction with the magnetizations of
the ferromagnetic electrodes aligned parallel to each
other.

In the case of parallel magnetization of both FM
layers, the total conductance is given by the transmis-
sion from the majority and minority bands into the
corresponding majority and minority bands on the op-
posite side
o2
h

For the antiparallel case the conductance is given by

G = (T + 1)) (11)

62

h
The TMR can be expressed as

Gr = (T +Ty)). (12)

TMR = (G117 — Gy) /G- (13)

3. Results and discussion

Taking the Fe/Al;03/GaAs/Al;O3/Fe double
junction as an example, we assume mj; = mgs = my
in the Fe regions, my = my = 0.23mg in the INs
(Alx O3 ),[28_31] and m3 = 0.067mg in the SM (GaAs)
region, where my is the bare electron mass. The ex-
change splitting energy in the FMs is A = 3.46eV
and the conduction band mismatch between the GaAs
and the Fe 6E, = 2.4eV.32 The Dresselhaus pa-
rameter v ~ 24eV A3 (1 A= 0.1nm) in the GaAs
region?733=36] and 4 = 0 elsewhere. The GaAs is SM
with relatively strong Dresselhaus SOC,37! so other
possible spin—orbit interactions such as the Rashba
SOC contribution induced by the applied bias, have
been neglected in this case. In this paper, the thick-
ness of GaAs film (8 nm) is assumed to be shorter than
the spin-flip length so that the spin-flip scattering can
be neglected. At the same time, the thickness of GaAs
film is long enough that the electrons tunnelling into
the GaAs satisfy the Fermi distribution.

Figure 2 shows the polarization as a function of
the positive bias when the INs have different thick-
nesses. The polarization increases as the thickness of
the IN decreases at zero temperature. Compared with
the results for the junctions with thick oxide layers,
we find that the transmission probabilities for spin-
up electrons are much higher than those for the spin-
down electrons tunnelling through the junctions with
thin oxide layers. In a recent experiment, Moser et
al'?? investigated the polarization of Fe/GaAs junc-
tions with different types of interfaces, oxidized in-
terfaces and interfaces where the oxide is reduced by
hydrogen plasma. They show that the polarization
is enhanced by reducing the oxide layer using hydro-
gen plasma. Our calculated results qualitatively agree
with those of Ref.[22] at zero temperature.

0.45

0.40

0 0.05 0.10
b/nm
0 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5
Va/V

Fig.2. Bias dependence of the
Fe/Aly03/GaAs(8 nm)/Al2O3/Fe junctions with
b =d = 0.1nm (solid curve), b = d = 0.08 nm (dot-
ted curve), and b = d = 0.06nm (dashed curve) for
k| =2x 109 cm~1. Other parameters are U = 1.32¢€V,
temperature T' = 0. The inset displays the polarization
as a function of the thickness of the INs b and d.

polarization for

To further explain the thickness of the IN effects
on the polarization, the inset in Fig.2 shows the po-
larization as a function of the thickness of the IN.
The polarization under a certain bias can be increased
greatly by decreasing the thickness of the IN. We ob-
serve that the polarization increases from 0.2 to 0.41
when the thickness of the INs is reduced from 0.1 nm
to near zero. Thus, the thickness of the INs should
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be reduced experimentally in order to obtain higher
polarization.

Figures 3(a) and 3(b) show the TMR as a func-
tion of the positive bias. In Fig.3(a) the Dresselhaus
SOC in the SM is neglected. It shows that the TMR
effect is positive with different in-plane wave vectors

10

TMR/%

Va/V

k), i.e., the conductance for the parallel magnetiza-
tion configuration is higher than that for the antipar-
allel alignment. In Fig.3(b) the TMR shows a positive
value at k = 0, while it has negative values as the k|

increases under a certain positive bias in the presence
of the Dresselhaus SOC in the SM region.

TMR/%

Va/V

Fig.3. Bias dependence of the TMR for Fe/Al>03/GaAs(8nm)/Al2O3/Fe double tunnel junction with different
in-plane wave vectors k| = 0 (solid curve), k| = 2 X 108 cm™! (dashdotted curve), kj =4x 108 cm ™! (dashed
curve). (a) The Dresselhaus parameter v = 0. (b) The Dresselhaus parameter v ~ 24 eVA3.

Equation (5) indicates that the Dresselhaus SOC
cannot affect the spin-transport properties of the tun-
nel junction when kj is equal to zero. In SM region,
the Dresselhaus SOC causes the resonant energy of
spin-up and spin-down electrons to split at nonzero
k|| because the Dresselhaus SOC lifts spin degeneracy.
The influences of the Dresselhaus SOC on polariza-
tion and TMR should be considered. We demonstrate
that the inversion of TMR might be caused by the
Dresselhaus SOC.

In n-type zinc-blende semiconductors, a local
magnetic field caused by SOC gives origin to a
Zeeman-like splitting which, combined with the scat-
tering, can cause a spin relaxation/dephasing known
as the D’yakonov—Perel (DP) mechanism. The DP
mechanism introduces a spin—orbit term in the Hamil-
tonian which can be expressed by a Zeeman-like term
with a wave-vector-dependent effective magnetic field
H = (k)-0. The effective g factor and the Bohr mag-
neton are absorbed into the definition of £2(k).[?") The
GaAs which has the zinc blende structure is known
to be semiconductor with relatively strong Dressl-
haus SOC due to bulk inversion asymmetry. The
Dresselhaus term is dominant in the DP wave-vector-
dependent magnetic field, giving rise to a spin split-

ting. An external magnetic field can make the in-
version of TMR, which has already been observed
experimentally.['8:22] Similarly, the Dresselhaus SOC
which acts as an effective magnetic field may also in-
verse the TMR.

Moreover, as the wave vectors k| increase, the ex-
tremum of the TMR increases for the positive TMR
and the negative TMR of the double tunnel junction.

Figures 4(a) and 4(b) show the transmission and
TMR as a function of the positive bias, respectively.
The transmission coefficient and the TMR, whether &
is equal to zero or 5x 10% cm ™!, show obvious resonant
features when electrons tunnel through the junctions.

A mechanism for inversion of the TMR was dis-
cussed previously: resonant tunnelling via localized
states, i.e., the TMR is inverted when the energy of
a localized state in the barrier matches the Fermi en-
ergy of the ferromagnetic electrodes.!”) Our results
indicate that the inversion of the TMR cannot occur
when v = 0 or k| = 0 (see Figs.3(a) and 4(b)) al-
though the transmission coefficient and the TMR show
resonant features. The Dresselhaus SOC and the k|
are crucial to the observation of the TMR inversion.
A positive TMR effect is observed at kj = 0 (solid
curve in Fig.4(b)) and the inversion of the TMR can
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occur at nonzero k|| (dashed curve in Fig.4(b)).
Although TMR, inversion is not caused by res-
onant tunnelling in the FM/IN/SM/IN/FM double
junction structure, the position of the TMR, inversion
is at the resonant peak via tuning the wave vector
Ky, i.e., the TMR inversion occurs when the energy
of a localized state lies close to the Er and resonant

Transmission

Va/V

tunnelling dominates direct tunnelling. This inversion
is believed to be due to the Dresselhaus SOC. With-
out the Dresselhaus SOC, the TMR inversion unlikely
emerges even at the resonant tunnelling via localized
states. The results may be useful for understanding
and designing quantum spintronic devices.

TMR/%

Va/V

Fig.4. (a) Bias dependence of the transmission with kj = 0 (solid curve) and kj = 5 x 10%cm™* (dashed curve),
respectively. (b) Bias dependence of the TMR with kj = 0 (solid curve) and kj = 5 x 10%cm™! (dashed curve),

respectively.

4. Conclusion

In summary, using a transfer-matrix method, we
investigate the transmission, polarization, and TMR
of the FM/IN/SM/IN/FM double tunnel junction in
the presence of the Dresselhaus SOC interaction and
an electric field. It shows that the polarization is en-
hanced by decreasing the thickness of the INs. Our

results indicate that the inversion of the TMR can
emerge via a change of the in-plane k| in the presence
of Dresselhaus SOC. The results also indicate that the
position of the TMR inversion corresponds to the res-
onance tunnelling via localized states. We hope that
our results can stimulate interest in experimental ef-
forts for designing spin-polarized resonant tunnelling
devices.
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