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We theoretically investigate spin-dependent transport in quasiperiodic cascade junctions of a
ferromagnetic metal �FM� and semiconductor �SC�, where FM and SC are arranged in the Fibonacci
sequence. It is shown that spin-up and spin-down electrons possess different bandgap structures
against the Rashba spin-orbit wave vector. The spin-dependent bandgap structure has the
hierarchical characteristic and present self-similarity. Due to the quasiperiodicity, multiple resonant
transmissions for spin-up or spin-down electrons can be observed within the bandgap; thereafter,
spin polarization has multiple reversals. And it is also found that the electrical conductance can
come from one kind of spin electrons around the resonant wave vector. These investigations may
provide a unique way to design the devices such as spin filters and spin switches. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3073655�

The discovery of quasicrystals in 1984 has attracted
great interest both theoretically and experimentally.1 The Fi-
bonacci sequence is one of the well-known examples in one-
dimensional quasiperiodic systems. It contains two building
blocks �A ,B� and can be produced by repeating the substitu-
tion rules A→AB and B→A. Since Merlin et al.2 reported
the first realization of Fibonacci superlattices, much attention
has been paid to the exotic wave phenomena of Fibonacci
systems in x-ray scattering spectra,2,3 electronic transmis-
sion, and optical transmission spectra.4 It is found that the
self-similarity can be considered as a basic signature of these
systems. Compared to the periodic structures, more structural
parameters can be tuned in the quasiperiodic designs, thus
opening a way to a wide range of technological applications
in several different fields.5

On the other hand, spin-polarized transport in ballistic
quantum systems has recently been discussed. A typical sys-
tem is the Datta–Das spin field-effect transistor,6 where fer-
romagnetic metals �FMs� are used as spin injectors and de-
tectors and are connected to a semiconductor �SC�.
Relatively high spin injection efficiencies have been
achieved in the experiment.7,8 Quantum spin-valve effect,9

switching effect, and spin filtering in FM/SC heterostructures
have also been reported.10 It becomes interesting to manipu-
late the spin-polarized transport by designing various FM/SC
junctions. In order to achieve various functional spin-
dependent materials and devices, we will study the quasip-
eriodic cascade junctions of FM and SC because there are
more structural parameters that can be tuned in the quasip-
eriodic designing compared with the periodic structures. For
example, Fibonacci sequence contains two different building
blocks.2 In this work, we investigate spin-dependent trans-

port in quasiperiodic cascade junctions of FM and SC, where
FM and SC are arranged in the Fibonacci sequence.

Consider a Fibonacci cascade junction �FCJ� of FM and
SC, where FM and SC are arranged in the Fibonacci se-
quence. Two building blocks, A and B, are arranged accord-
ing to the rule Sj+1= �Sj ,Sj−1�, where S1= �A� and S2= �AB�.
In our system, each building block is constructed by one FM
layer and one SC layer. The FM layers in both A and B
blocks have the same thickness df, but the SC layer have the
thicknesses ds

A in the A block and ds
B in the B block. Suppose

that spin along the x-axis in a quasi-one-dimensional wave-
guide constructed as FCJ of FM and SC. Electrons are con-
fined in the y-direction by an asymmetric quantum well in
the SC, where the Rashba spin-orbit coupling exists. The
magnetization of FM layers is chosen along the z-direction,
which is parallel to the interface. Then the Hamiltonians in
the FM and SC regions can be written as

Ĥf =
1

2
p̂x

1

mf
� p̂x +

1

2
��Z �1�

and

Ĥs =
1

2
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1

ms
� p̂x +
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�Z�p̂x�R + �Rp̂x� + �E , �2�

respectively. Here, mf
� and ms

� are the effective masses of
electrons in the FM and SC regions, respectively. � is the
exchange splitting energy in the FM, �z denotes the spin
Pauli matrices, �R is the spin-orbit Rashba parameter, and �E
is the conduction-band mismatch between SC and FM.

Because the Hamiltonians shown in Eqs. �1� and �2� are
spin diagonal, the electronic eigenstates in the whole system
have the form of ��↑�= ��↑�x� ,0� and ��↓�= �0,�↓�x��. In the
lth FM/SC cell, the eigenstate in the FM region has the form

��
f ,l = A�

l eikF�
f ,l �x−xl� + B�

l e−ikF�
f ,l �x−xl�, �3�

and the eigenstate in the SC region is
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��
s,l = C�

l eikF,+�
s �x−xl−df/2−ds/2� + D�

l e−ikF,−�
s �x−xl−df/2−ds/2�, �4�

where ds equals ds
A �or ds

B� in the A block �or in the B block�,
xl is the central position of the FM layer in the lth cell along
the x-axis, �= ↑ ,↓ indicates the spin state of the split band,
kF�

f ,l is the Fermi wave vector in the lth FM layer, kF,��
s is the

Fermi wave vector in the SC layer, and +� �or −�� indicates
the same �or opposite� spin state with �. By using the con-
tinuous conditions, the coefficients of Al, Bl and Al+1, Bl+1 in
two adjacent FM layers are related by a transfer matrix Ml.
And the whole system is represented by a product matrix
M,relating the incident and reflection waves to the transmis-
sion wave. The transmission coefficient of the electron with
the spin state � through the whole FCJ can be described by

T� = 	 kF�
f ,N+1

kF�
f ,1 
� 1

M22
�2

. �5�

M22 is an element of M. Once the spin-dependent transmis-
sion coefficients T� is achieved, the spin polarization P and
conductance G can be expressed as P= �T↑−T↓� / �T↑+T↓�
and G= �e2 /h��T↑+T↓�, respectively. Besides, the charge den-
sity in FM and SC regions of the lth cell is determined by
���

f ,l�x��2 and ���
s,l�x��2, respectively.

Based on Eq. �5�, the spin-dependent transmission coef-
ficient can be calculated as a function of the Rashba spin-
orbit wave vector in the FCJs. It is shown that in Fig. 1, there
is no total reflection when the number of cells �N� is small in
the FCJ, although there exist some regions of minimum
transmission. When N becomes larger, the minima in trans-
mission become extended gradually into the bandgap, where
the transmission is blocked. Generally, with increasing cell

number of FCJ, more and more transmission zones diminish
gradually, and some of them approach zero transmission. In
this way, a distinct bandgap structure is realized in the FCJ.
It should be noted that spin-up and spin-down electrons pos-
sess different bandgap structures against the Rashba spin-
orbit wave vector �as shown in Figs. 1�a�–1�d��. Therefore, a
spin-dependent bandgap structure is realized in the FCJs by
increasing the cell number. Furthermore, multiple resonant
transmissions for spin-up or spin-down electrons can be ob-
served within the bandgap due to the quasiperiodicity of the
FCJs. Thus the spin-dependent bandgap structure and the
spin-dependent resonant transmission in the bandgap can be
obtained when the cell number increases.

The transmission spectra in FCJs also present some other
interesting features, such as self-similarity. Figures 2�a� and
2�b� illustrate the transmission coefficients against Rashba
spin-orbit wave vectors for spin-up and spin-down electrons,
respectively. Here the cell number is set as N=55. It is
shown that the spin-dependent bandgap structure has the hi-
erarchical characteristic. Figures 2�c� and 2�d� are the en-
largement of the central regions of Figs. 2�a� and 2�b�, re-
spectively. Obviously, transmission bands and gaps almost
correspond to the bands and gaps of the FCJ in the rational
approximation. Therefore, the spin-dependent bandgap struc-
ture presents good self-similarity. The hierarchical character-
istic and self-similarity of the spin-dependent bandgap struc-
ture in the FCJ are quite similar to those in the optical and
electronic transmission spectra.4 A similar spin-dependent
band structure may be found in other nonperiodic cascade
junctions of FM and SC, such as in the Thue–Morse struc-
ture.

In order to understand the behavior of spin-up and spin-
down electrons clearly, the charge-density distributions in the
FCJ has been studied. Figure 3 shows the charge-density
distributions in the FCJ of S8 �N=34� with different Rashba
spin-orbit wave vectors. As shown in Fig. 1�d�, the transmis-
sion coefficients of spin-up and spin-down electrons are dif-

FIG. 1. �Color online� The spin-dependent transmission coefficients as a
function of the Rashba spin-orbit wave vector in the FCJs with different
numbers of cells �N�: �a� N=5, �b� N=13, �c� N=21, and �d� N=34. The
solid line and the dash one correspond to spin-down and spin-up electrons,
respectively. We assume that ms

�=0.036me, mf
�=me, and me is the free elec-

tron mass. The Fermi wave vectors for spin-up and spin-down electrons are
set as kF↑=0.44	108 cm−1 and kF↓=1.05	108 cm−1, respectively. The
conduction-band mismatch between the SC and FM is �E=2.4 eV. All
these parameters are reasonable for Fe- and InAs-based heterostructures.
The thicknesses of FM and SC have been set as df =1 nm and ds

A

=0.1 
m, ds
B=0.08 
m, respectively. And k0=1	105 cm−1, which can be

reached in experiments.

FIG. 2. �a� Transmission coefficient against the Rashba spin-orbit wave
vector for the spin-up electron in the FCJ with N=55. �b� Transmission
spectra of the spin-down electron in the FCJ with N=55. ��c� and �d�� The
enlargement of the central regions of �a� and �b�, respectively.
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ferent at some wave vectors in the FCJ of S8. It is shown in
Figs. 3�a�–3�c� the charge-density distributions of spin-up
and spin-down electrons have different behaviors. At the
wave vector of KR=11.80k0, the charge-density distribution
of the spin-up electron oscillates quickly with a slowly os-
cillating envelope, which shows an almost extended state.
However the charge-density distribution of the spin-down
electron oscillates with a monotonically decreasing envelope,
which exhibits a character of the localized state �as shown in
Fig. 3�a��. In other words, the spin-up electron can propagate
through the whole system, while the spin-down electron can-
not propagate in the system. Figure 3�b� shows the cases of
extended state for the spin-down electron and localized state
for the spin-up electron. In Fig. 3�c�, we give an example of
the extended states for both spin-up and spin-down electrons
at KR=18.35k0, which clearly show a periodic distribution of
the charge density. In this case, both spin-up and spin-down
electrons can propagate through the FCJ of S8. Therefore,
spin filtering can be realized by varying the Rashba spin-
orbit wave vector with a gate voltage in the FCJ.

It is interesting to study the spin polarization and total
electrical conductance in the FCJs. As shown in Figs.
4�a�–4�d�, spin polarization can be changed alternatively
from positive to negative when the Rashba spin-orbit wave
vector is varied. At some wave vectors, the absolute value of
the spin polarization can be changed rapidly from 0 to 1 or
from 1 to 0, which originates from the difference in bandgap
structures between spin-up and spin-down electrons in the
FCJ. Furthermore, high spin polarization has been observed,
and the spin polarization has been reversed around resonant
wave vectors due to the fact that the resonant transmissions
are spin dependent. By increasing the cell number of N, the
absolute value of spin polarization gradually increases at the
resonant wave vector �as shown in Figs. 4�a�–4�d��. On the

other hand, the different bandgap structures of the spin-up
and spin-down electrons have effects on the electrical con-
ductance in the FCJs. As shown in Figs. 4�e�–4�h�, there
exist steplike structures within the bandgap in the FCJ. The
electrical conductance at the wave vector of the step region is
about e2 /h, which comes mainly from one kind of spin elec-
trons. While the electrical conductance is about 2e2 /h at the
regions where the resonant wave vectors of spin-up and spin-
down electrons overlap. These features may provide a unique
way to design spin filters and spin switches.

It should be mentioned that in a real system, there usu-
ally exists the fluctuation of the layer widths, which defi-
nitely reduces the polarization of the FCJs. However, if the
fluctuation of the layer widths is less than 4%, the polariza-
tion effect can be kept in the FCJ with N=13.
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FIG. 3. �Color online� The charge-density distribution in the FCJ of S8 �N
=34� with different Rashba spin-orbit wave vectors: �a� KR=11.80k0, and
the transmission coefficients are T↑=0.926 665 87 and T↓=0.043 491 815.
�b� KR=14.80k0, and the transmission coefficients are T↑=6.841 840 9
	10−11 and T↓=0.988 246 53. �c� KR=18.35k0, and the transmission coef-
ficients are T↑=0.999 974 08 and T↓=0.988 246 53. The solid line and the
dash one correspond to spin-down and spin-up electrons, respectively.

FIG. 4. The spin polarization �P� and conductance �G� against the Rashba
spin-orbit wave vector in the FCJs with different cell numbers �N�. Spin
polarization: �a� N=5, �b� N=13, �c� N=21, and �d� N=34. Electrical con-
ductance: �e� N=5, �f� N=13, �g� N=21, and �h� N=34.
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