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Spin transport in ferromagnet/semiconductor/ferromagnet structures
with cubic Dresselhaus spin-orbit-interaction

Keniji Kondo®

Laboratory of Quantum Electronics, Research Institute for Electronic Science, Hokkaido University, Sapporo,

Hokkaido 001-0020, Japan

(Presented 2 November 2011; received 14 September 2011; accepted 18 November 2011; published

online 8 March 2012)

We have investigated the spin transport in ferromagnet (FM)/semiconductor (SC)/ferromagnet
(FM) structures with a central SC barrier region exhibiting cubic Dresselhaus spin-orbit-interaction
(SOI). The energy profile of the barrier is assumed to be a square with height V and thickness d
along z-direction. The magnetoresistance (MR) ratio has been calculated for three different
barriers, GaAs, GaSb, and GaAs without SOI as a function of barrier thickness. We have found that
the MR ratio has a negative value for GaAs barrier with SOI except for very thin barrier thickness.
In the case of GaSb barrier, the MR ratio changes sign from negative to positive with increasing
the barrier thickness. Also, we have calculated the MR ratio with changing the spin coupling
constant. © 2012 American Institute of Physics. [doi:10.1063/1.3677799]

. INTRODUCTION

One of the main purposes in the field of spintronics is to
make spin transistors with a ferromagnet (FM)/semiconduc-
tor (SC)/ferromagnet (FM) structure. It is very important to
investigate the spin transport in FM/SC/FM structures theo-
retically to realize the spin transistors."* The first proposal
of the spin transistor was done by Datta and Das.® In this
transistor, the spin direction of injected electrons is con-
trolled by adjusting the Rashba spin-orbit-interaction (SOI)
by gate voltage. Another proposed device is the spin MOS-
FET.* In recent years, there have been many successful
experiments demonstrating a spin-polarized current through
the contact of Fe/GaAs. In this situation, some experiments
of tunneling in FM/SC/FM structures have been reported.”®
One of these experiments reports that a negative value of
magnetoresistance (MR) is observed that indicates a negative
spin-filtering effect. Recently, we have also proposed a spin
quantum cross structure (SQCS) device toward novel spin
transistors.” In this paper, we have generally investigated
the spin transport in FM/SC/FM structures with a central SC
barrier region exhibiting cubic Dresselhaus spin-orbit-inter-
action (SOI). The following results can be useful for design-
ing spin transistors and interpreting many experimental
results. Also they can be applied for realizing spin transistors
using the SQCS devices.

Il. THEORY AND RESULTS

We study the transmission of spin (,]) electrons with
the initial wave vector k,=(kjs, k.;) in the ferromagnet
through the SC barrier region exhibiting cubic Dresselhaus
SOIL. The model used in the calculation is shown in Fig. 1.
The energy profile of the barrier is assumed to be a square
with height V and thickness d along z-direction. Then, the
barrier is described by the function V(z)=V(O(z)
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— O(z — d)), where ©O(2) is the step function. The coordinate
axes are chosen as shown in Fig. 1. They are assumed to be
parallel to the cubic crystallographic axes [100], [010],
[001], respectively. The model Hamiltonian in the region i
(i=1,2,3)reads'

HY =HY + HY 4 v(2), )
; hzkf, A,

Hé): 2m; GRS @

H]()l) = Vi(kaxa - Tykya)kzz(ﬂ ®)

where 7 is the Planck constant divided by 2m. m} is the
effective mass in the left ferromagnet (i =1), semiconduc-
tor (i=2), and right ferromagnet (i =3) regions, respec-
tively. A; is the exchange energy in the region 7, and the
exchange energy A, in the region 2 is zero. The unit vector
n; defines the magnetization direction, n;=(0, 1, 0),
n,=(0, 0, 0), n3=(0, cos 0, — sin 0). We take the metal Fe
as both the left and the right ferromagnets. The Fermi
momenta of the majority spin and minority spin of Fe are
chosen as kpy =1.05 x 10'°m™" and kr; =0.44 x 10"%m ™",

Ferromagnet = Semiconductor Ferromagnet
y Region 1 V Region 2 Region 3
SO1
d
X Z//[001
[001] _ ; _ Er
my m; ms
z=0 z=d

FIG. 1. A schematic illustration of a model of FM/SC/FM structures. Elec-
trons with the wave vector k, = (ky, kyg, kz5) = (K|, kz5) transmit through
the potential barrier with height V of width d along z. The arrows show the
magnetization direction in region 1 and region 3.
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respectively.!! The band of itinerant d-like electrons of Fe
is assumed to be parabolic with the free electron mass
(my =m; =m,)."? y; is the spin-orbit coupling constant in
the region i. In this model, only 7, is a finite value of 7,
and the others are zero. t, and 7, are x-component and
y-component of the vector of Pauli matrices 1, respectively.
The model Hamiltonian in region 2 is explicitly given by

27,2

I/
H® — 2mf + P(tekye — kaya)kzza + V. “)
2

The Hamiltonian of Eq. (4) can be diagonalized using the
following spinors:

2
Lo

I+

1 1
= 72 (ZFEW“ ) ) (5)

where go(,:tan” (kys/kys). These represent the spinstates
“4+” and “—" in the SC barrier with SOI for incoming elec-
trons with spin ¢. Both spinstates are shown in Figs. 2(a) and
2(b), respectively. The corresponding eigen energies satisfy-
ing H(z)xfi) = Es,zilx((fi) are given by
) hZ 2
EQ) = =0 4qk k2 +V, (6)
=7 omg 2

where k), = | /k%, + k2, is the in-plane wave vector magni-
tude. The general solutions of the Schrodinger equation

H(z)d)((rzi) =EZ % are of the following form:

o) (r) = exp(iky, - 1) ()2, )

where r=(x, y, 2), k| = (k,, k), and ;= (x, y). The functions
(,b(gl’3 )(z)’s in the ferromagnet regions 1 and 3 also have the
same forms with different spinors. The spinors in ferromag-
netic regions are as follows:

1 1
(13) -
Xo' - \/E(Gl)’ (8)

where ¢ denotes a spin parallel (¢ =1 or 1) and a spin anti-
parallel (6=| or —1) to the magnetization direction
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FIG. 2. (a) The spin orientation corresponding to /\E,Zl in the k,—k, plane. (b)

The spin orientation corresponding to x) in the k.—k, plane.
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n;(O, 1,0) in the ferromagnets. Therefore, each function
(/5(0’)(2) in the regions 1-3 is as follows:

1
¢¢(rl)(z) - \/k_eXP(ikzrrZ)Xf;U +75 exp(—ikmz);{(al),
$2(2) = (Aqexpliges?) + Boyexp(—igo) ) 17
j==

¢(J3)(z) =15 exp(ikmz);{(f),

where r,, t, are spin-dependent reflection and transmission
coefficients, respectively. A,j, B,j are spin-dependent and
subband-dependent transport coefficients. k., is the wave-
number of electrons with spin ¢ in the ferromagnets (Fe) and
qs+ 1s the wavenumber in the SC barrier for incoming elec-
trons with spin o, given by

*
2m;

2
Ry (Ep = V) — ki, .
4o+ = 1+2m§'yk||a ( )
- hz

Taking into account the boundary conditions, we can deter-
mine the spin-dependent transmission coefficients. Solving a
system of linear equations for ry, t;, Asj, Bsj, We can calcu-
late the transmission probability 7(0) for the relative angle of
0 between the magnetization directions of the two ferromag-
nets in the following: T(0) :sz|fT(0)|2 +k.y t¢(0)|2. There-
fore we can obtain the transmission probabilities Tp=T(0)
and T'ap = T(m) for parallel and anti-parallel configuration of
the ferromagnets. The calculation of the magnetoresistance
(MR) ratio has been performed for three different barriers,
GaAs  (m5=0.067m,, y=27.6eV A>3 GaSb
(m; =0.041m,, y=187eV A%, and GaAs without SOI
(y=0) as a function of barrier thickness as shown in Fig. 3
using the following equation: MR = (Gp— Gap)/Gap,
where Gp = (¢*/h)Tp and Gap = (€*/h)Tap with e being the
elementary charge. The barrier height V' is assumed to be
0.75 eV for three different barriers.'® From Fig. 3, it is found
that the MR ratios show positive values for both GaAs and
GaSb barriers at very thin thickness. Then the MR ratios
change signs rapidly from positive to negative with increas-
ing the barrier thickness for both GaAs and GaSb barriers.
The MR ratio for GaAs barrier remains a negative value with
increasing the barrier thickness up to 3nm. In contrast, the
MR ratio for GaSb barrier changes the sign gradually from
negative to positive at a thickness of about 0.9 nm again.
Afterward, its value increases monotonically and the MR ra-
tio reaches to a constant value at a thickness of about 2.5 nm.
The MR ratio for GaAs barrier without SOI is shown as a
reference for comparison to the case of barriers with SOI.
These results of the MR ratios are attributed to the energy
splitting in the SC barrier with SOI. Under SOI, the energies
of electrons with majority(1) spin (minority(]) spin) split
into two energies E1, E;_ (E|, E|_) as shown in Fig. 3(b).
Here, for simplicity, we explain the above results with set-
ting k| to be (0, k), which does not lose generality. Qualita-
tively speaking, electrons with higher energies can transmit
through the barrier with higher transmission probabilities. In
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FIG. 3. (Color) (a) The MR ratio for three different barriers, GaAs, GaSb,
and GaAs, without SOI as a function of barrier thickness. (b) A schematic
illustration of energy levels of electrons with spin ¢(7,|) entering the SC
barriers with cubic Dresselhaus SOI.

another point of the view, the direction of spin eigenstates
with E,, is parallel to that of majority spin, which is aligned
to the positive y axis, and the direction of spin eigenstates
with E,_ is parallel to that of minority spin, which is aligned
to the negative y axis. Therefore the majority (minority) spin
in the E;_ (E|) level precesses and flips while transmitting
the barrier. The length for the spin-flip is estimated by (i*m)/
(2m5pk%). In both GaAs and GaSb barriers, electrons are lit-
tle influenced by SOI at very thin thickness of 0.01 ~
0.02 nm because the barrier is too thin compared to the Fermi
wavelength of 0.6nm. Therefore, majority electrons with
spin T and minority electrons with spin | transmit as if the
SC barrier was only an insulator without SOI. This results in
the positive MR ratio. The SOI starts to affect electrons with
increasing the thickness. As a result, minority electrons with
spin | overcome majority electrons with spin T with increas-
ing the thickness because there are two channels with the
second and the third highest energies (E|-) for spin |. Even
though majority electrons in the highest energy E; | have the
highest transmission probability, their probability is slightly
smaller than total probability of minority electrons with two
channels. This causes the values of the MR ratios to be nega-
tive. It is important to note that the spinstates of majority
electrons in the highest E;, are eigenstates, and the spin-
states of minority electrons in the second highest E| | are not
eigenstates. Therefore if the spins of minority electrons in
the E | do not flip, this situation continues. This is the case
for GaAs barrier. This is because the length for the spin-flip
((}) — (1)) is about 10.253 nm for GaAs barrier, estimated
using the preceding equation. However, this is not the case
for GaSb barrier. The length for the spin-flip ((}) — (1)) is
about 2.42 nm for GaSb barrier. Then, the value of the MR

J. Appl. Phys. 111, 07C713 (2012)
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FIG. 4. (Color) The MR ratio for two effective masses of 0.067 m, and
0.041 m, as a function of spin-orbit coupling constant 7.

ratio for GaSb starts to change the sign from negative to posi-
tive at a thickness of about 1.0nm, which is about half the
value of 2.42 nm. Now, electrons with spin 1T occupy the high-
est and the second highest energies. This causes the value of
the MR ratio to be positive with increasing the thickness.
Finally, we show the MR ratio for two effective masses of
0.067 m, and 0.041 m, as a function of spin-orbit coupling con-
stant y in Fig. 4. This calculation has been performed for a bar-
rier thickness of 1.0 nm. Though there is no method to control
the value of y at present, it is important to consider y depend-
ence theoretically. In Fig. 4, there is a discontinuity at y =0.
Therefore the MR ratios at y =0 are plotted by the two points
(solid circle and open square). When 7y is small, the situation is
the same as that of GaAs. Then the MR ratio is negative. The
situation becomes the same as that of GaSb with increasing 7).
This results in the positive value of the MR ratio. Afterward,
both the MR ratios for two different effective masses have not
been calculated over the specific values y,. These yg,’s corre-
spond to values hz/(ZmﬁkH), which make the denominator ¢
equal to zero. They are estimated to be 158.3eV A3 and
258.28eV A for 0.067 m, and 0.041 m,, respectively. There-
fore we have not estimated the MR ratios over the specific val-
ues. These results shown in Figs. 3 and 4 suggest that we can
control the sign of the MR ratio with increasing the barrier
thickness using a material with an adequate 7. Moreover, these
results can provide guidance for material development, such as
how much 7y is required for the desired MR ratio.

'G. Autes, J. Mathon, and A. Umerski, Phys. Rev. B 82, 115212 (2010).

’s. Honda, H. Itoh, and J. Inoue, J. Phys. D 43, 135002 (2010).

3S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).

“S. Sugahara and M. Tanaka, Appl. Phys. Lett. 84, 2307 (2004).

3S. Kreuzer, J. Moser, W. Wegscheider, D. Weiss, M. Bichler, and D.
Schuh, Appl. Phys. Lett. 80, 4582 (2002).

°J. Moser, M. Zenger, C. Gerl, D. Schuh, R. Meier, P. Chen, G. Bayreuther,
W. Wegscheider, D. Weiss, C.-H. Lai, R.-T. Huang, M. Kosuth, and
H. Ebert, Appl. Phys. Lett. 89, 162106 (2006).

K. Kondo and A. Ishibashi, Jpn. J. Appl. Phys. 45, 9137 (2006).

8K. Kondo, H. Kaiju, and A. Ishibashi, J. Appl. Phys. 105, 07D522
(2009).

°K. Kondo, J. Appl. Phys. 107, 09C709 (2010).

107, Moser, A. Matos-Abiague, D. Schuh, W. Wegscheider, J. Fabian, and
D. Weiss, Phys. Rev. Lett. 99, 056601 (2007).

p, Grundler, Phys. Rev. Lett. 86, 1058 (2001).

2M. B. Stearns, J. Magn. Magn. Mater. 5, 167 (1977).

13R. Winkler, Springer Tracts Mod. Phys. 191, 74 (2004).

'R. de Sousa and S. Das Sarma, Phys. Rev. B 68, 155330 (2003).

Downloaded 11 Jun 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1103/PhysRevB.82.115212
http://dx.doi.org/10.1088/0022-3727/43/13/135002
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.1689403
http://dx.doi.org/10.1063/1.1486044
http://dx.doi.org/10.1063/1.2364163
http://dx.doi.org/10.1143/JJAP.45.9137
http://dx.doi.org/10.1063/1.3072781
http://dx.doi.org/10.1063/1.3357330
http://dx.doi.org/10.1103/PhysRevLett.99.056601
http://dx.doi.org/10.1103/PhysRevLett.86.1058
http://dx.doi.org/10.1016/0304-8853(77)90185-8
http://dx.doi.org/10.1103/PhysRevB.68.155330

