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Transport through a band insulator with Rashba spin-orbit coupling:
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We calculate the current-voltage characteristics of a one-dimensional band insulator with magnetic field and
Rashba spin-orbit coupling which is connected to nonmagnetic leads. Without spin-orbit coupling, we find a
complete spin-filtering effect, meaning that the electric transport occurs in one spin channel only. For a large
magnetic field which closes the band gap, we show that spin-orbit coupling leads to a transition from metallic
to insulating behavior. The oscillations of the different spin components of the current with the length of the
transport channel are studied as well.
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I. INTRODUCTION

There is a great interest today to study the phenomena of
quantum transport in low-dimensional systems, both from a
technological and a fundamental point of view. Especially
important are questions of spin polarized transport, also
known as spintronics.1,2 A famous example is the proposition
of the Datta-Das transistor3 which uses the precession of the
electron spin due to spin-orbit 共SO兲 coupling. There are two
sources of spin-orbit coupling in quasi-one-dimensional systems 共1D兲, an intrinsic one due to the lack of inversion symmetry in certain crystal structures 共Dresselhaus term兲 共Ref. 4兲
and an external one triggered by an applied voltage to surface gates 共the Rashba SO coupling兲.5
Several works studied the SO coupling and electronic
transport in quasi-1D metallic systems.6–17 In contrast, the
influence of SO coupling and magnetic field on the transport
in 1D band insulators is unexplored and it can be expected to
be fundamentally different. In the latter band insulators, we
will report on two interesting effects: the complete spinfiltering effect and the SO-induced metal-insulator transition.
An incomplete spin-filtering effect is possible in 1D metallic
systems with a potential step or additional impurities,8,15,17
but the complete spin filtering as well as the spin-orbitinduced metal-insulator transition which will be reported below are specific to 1D band insulators and cannot be observed 共in principle兲 in 1D metals.
A prototype model for a 1D band insulator is a half-filled
ionic chain with alternating on-site energies 共energy difference ⌬兲. Such an ionic chain will be used in our study, however the obtained results are expected to be generic to any
kind of 1D band insulators, including charge-transfer insulators and realized in diatomic polymers,18 as well as the 1D
Peierls insulators, such as polyacetylene.19 The characteristic
values for the bandwidth W and the gap ⌬ of polyacetylene
are W = 4t ⬇ 8 eV and ⌬ ⬇ 2 eV.20 In a wider sense, onedimensional band insulators may also be realized in carbon
nanotubes. These nanotubes have the advantage that the
value of the gap may be tuned in a very wide range from 600
1098-0121/2010/81共16兲/165443共6兲

meV 关for 共12,0兲 nanotubes兴 up to 8 meV 关for 共13,0兲 nanotubes兴 or even smaller values.21
Before presenting detailed calculations, let us start with
some qualitative arguments. We first discuss transport in 1D
band insulators in a magnetic field B and in absence of SO
interaction. Although the magnetic field induced metalinsulator and insulator-metal transitions have been the subject of studies for decades,22 in the context of transport in
mesoscopic systems, these effects have not been investigated
in details. As we show in this paper, in the limit of low
temperatures 共T Ⰶ ⌬兲 and strong magnetic field 共B ⱖ ⌬兲, the
field-induced insulator-metal transitions lead to the almost
complete spin-filtering effect, since in this case only one spin
channel is open for transport at the Fermi level.
However, the metallic phase reached at B ⱖ ⌬ shows unconventional and substantially different properties compared
to a normal metal. As we will show, contrary to the usual 1D
metallic phase, the Rashba spin-orbit coupling opens up a
gap again, leading to a spin-orbit-induced metal-insulator
transition. It is important to note that both effects, i.e., the
complete spin-filtering effect and the metal-insulator transition induced by the Rashba spin-orbit coupling, are very specific to 1D band insulators and may not be observed in 1D
metals.
Rather than analyzing the effect of these transitions by
computing the bulk transport properties of the chain, such as
the conductivity, we choose to compute the current of a finite
chain of such a material, whose extremities are connected to
metallic electrodes. A bias is imposed between the electrodes
in order to induce current flow. On one hand, it allows to
probe the spin-filtering effects in a setup which is close to
experimental situations and on the other hand, it also allows
to investigate the fluctuations of the current as a function of
the chain length in the presence of SO coupling. In particular, we will show that a complex behavior, with several periods and a complicated energy dependence, is obtained in
the presence of a band gap ⌬ and a magnetic field; this is
totally different from the simple harmonic oscillations, with
a period inversely proportional to the SO coupling strength,
obtained in the metallic case.
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The paper is organized as follows. In Sec. II, we present
the model and in Sec. III, we discuss the spectrum of the
infinite chain. In Sec. IV, we discuss the method which is
used to obtain the transport properties as well as physical
results. We conclude in Sec. V.
II. MODEL

We note first that the spin-orbit coupling can be generated
by a voltage VG applied to external gates perpendicular to the
current. This is known as Rashba spin-orbit coupling5 and
defines the device studied in the present paper 共Fig. 1兲. We
consider a finite chain 共oriented in the x̂ direction兲 connected
to metallic leads. Lateral metallic gates are placed so as to
create an electric field which is perpendicular to both the
chain and the magnetic field 共ẑ兲 direction.
With these conventions, the following Hamiltonian describes the molecular chain:
†
H = − t 兺 共cn,
cn+1, + H.c.兲
n,

g  BH
⌬
†
共− 1兲ncn,
兺
兺 c† cn,
cn, −
2 n,
2 n, n,
共1兲

n

Here, the first contribution describes the kinetic energy in the
tight-binding model, the second one accounts for alternating
on-site energies, the third term is the Zeeman coupling 共magnetic field B = gBH兲, and the last term is the Rashba SO
coupling 共strength ␣R兲. The magnitude of the Rashba SO
coupling is crucial for the oscillation phenomena which will
be discussed later on and can be controlled by a gate.23 It
may reach large values up to the order of electron volts for
materials containing heavy elements as it was recently reported for a Bi-Ge surface.24 We consider a finite chain of
length L which is connected to left and right leads by tunneling amplitudes TL and TR, respectively. Note that we investigate here the case of nonmagnetic leads. We assume that
the SO coupling vanishes in the leads and that the magnetic
field only affects the central region significantly.
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FIG. 1. 共Color online兲 Schematic figure of the transport process
studied in the paper. The SO coupling parameter ␣R is proportional
to VG.
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FIG. 2. Spectrum of the tight-binding chain 关see Eqs. 共1兲 and
共2兲兴 with magnetic field 共B = gBH = 1.3兲, with and without Rashba
coupling ␣R and ionicity ⌬ 共t = 1 has been taken as unit of energy兲.
III. SPECTRUM

To understand the magnetotransport results, it is useful
to first consider the spectrum of Eq. 共1兲. For clarity, all spectra are plotted in the reduced Brillouin zone
k 苸 关− / 2a ,  / 2a兴 associated with the presence 共possibly
small兲 of alternating on-site energies. Typically, this spectrum consists of four branches and it can be obtained exactly
共lattice constant set to unity兲
⫾
共k兲 = ⫾
E1/2

W=

冑

冑

4␣R2 sin2 k +

B2 ⌬2
+
+ 4t2 cos2 k ⫾ W,
4
4

16␣R2 t2 sin2共2k兲 + 4B2t2 cos2 k +

B 2⌬ 2
,
4

共2兲

in the general case with spin-orbit coupling ␣R and in the
presence of a magnetic field. It is shown in Fig. 2 for different cases of ⌬ and ␣R, with a nonzero magnetic field B.
The upper left corner of Fig. 2 depicts the trivial case of a
nondimerized tight-binding chain 共⌬ = 0兲 in the presence of a
magnetic field. The latter gives rise to a splitting between the
spin-up and spin-down bands. The spectrum has been folded
in this reduced Brillouin zone to serve as a point of comparison for the other cases, with dimerization.
We now consider the case of a nonzero value for ⌬ 共bottom left plot of Fig. 2兲. For ␣R = 0, the spin-up and spin-down
bands are still separated, but the dimerization opens a gap for
each spin band at the boundaries of the Brillouin zone. This
implies that for energies close to the Fermi level, only one
spin channel will be open for the transport 共complete spinfiltering effect, see next section兲. As shown on the figure, the
magnetic field can be so strong that the gap closes and the
system can become metallic. We now switch on the Rashba
coupling in the presence of dimerization 共bottom right corner
of Fig. 2兲. In this case, the coupling between spin up and spin
down gives rise to an anticrossing, so that the spin-orbit coupling opens up a gap again.
On the other hand, there is no spin-filtering effect for a
homogeneous, metallic chain 共⌬ = 0, top row of Fig. 2兲. Without magnetic field 共not shown兲, the spin-orbit coupling can
be taken exactly into account by a shift of k → k
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+ arctan共␣R / t兲. As can be easily inferred from the spin split
band structure in a magnetic field 共left plot兲, the density of
states for spin-up and spin-down electrons is the same in that
case. And the introduction of spin-orbit coupling 共right plot兲
does not open a gap. This proves that both effects, i.e., the
complete spin-filtering effect and the spin-orbit-driven metalinsulator transition, cannot be observed in a metallic system
共⌬ = 0兲.
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IV. TRANSPORT THROUGH A FINITE CHAIN

In the absence of electronic interactions, the current
through a finite chain of length L can be cast exactly in a
Landauer-type formula,25,26 written here for zero temperature. This current depends on the orientation of electrons spin
at the input lead and the output lead: the current Iss⬘, for
instance, corresponds to electrons which enter with spin s
共with s = ↑ or ↓兲 from the left lead and leave the current
channel with spin s⬘ to the right lead. With this convention,
Iss⬘共VD兲 = ⌫L⌫R

冕

R

L

ss⬘
dE兩Gab
共E兲兩2 .

共3兲

The integration is performed between the chemical potentials
of the left and right leads 共L = −VD and R = 0兲. The energydependent transmission is simply proportional to the square
modulus of the total retarded Green’s function of the chain
共which include the coupling with the leads兲 between both
end points, noted here a and b. The tunneling rates on the left
and right sides are defined as ⌫ j ⬅ 2 jT2j 共j = L , R兲, where  j
is the 共constant兲 density of states of lead j, and T j the tunneling amplitude to lead j. The total Green’s function of the
ss⬘
, can be obtained
chain between the end sites a and b, Gab
from the Green’s function of the bare chain 共uncoupled to
ss⬘
by solving the Dyson equations
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FIG. 3. 共Upper plot兲 Total current as a function of the bias
voltage VD in the spin-filtering configuration. ⌬ = 0.6, B = 0.6, ⌫L
= ⌫R = 0.1, and t = 1, for a chain of 500 sites. Inset shows the separate contributions from the spin-up and spin-down currents. 共Lower
plot兲 Spin polarization 关Eq. 共6兲兴 for the same parameters.

Let us start the discussion of our numerical results with
the current-voltage characteristics in a magnetic field with
⌬ ⫽ 0, but without SO coupling 共see Fig. 3兲. The magnetic
field B = Bc is chosen such that it just closes the gap, but the
exact value of this parameter is nevertheless not important
for the spin-filtering effect. The transport for drain voltages
between VD = 0 and VD ⯝ 0.6t is only possible for one spin
channel. It means that we find complete spin polarization in
the transport channel 共connected to nonmagnetic leads兲 and a
complete spin filtering. The spin polarization of the current is
defined in the general case as8,15
P=

共4兲

0

P
1.
0.75
0.50
0.25

↓↑
⌺bGbb

Here, all the Green’s functions, and consequently the current
in Eq. 共3兲, are 2 ⫻ 2 matrices in spin space. This is a consequence of the Rashba SO coupling, which couples the
spin-up and spin-down channels. Without SO coupling, all
quantities become diagonal in spin space and the formula for
the total Green’s function reduces to
ss
=
Gab

0.5

2
VD
2.5

↑↑
⌺bGbb

and similar equations for the opposite spins, and where ⌺ j
= −i⌫ j is the retarded self-energy coming from the coupling
ss⬘
to lead j = L , R. The Green’s functions of the bare chain gab
are obtained simply by computing the eigenvalues and eigenstates of the finite chain and using a spectral representation
ss⬘
共E兲 = 兺
gab

0.00

I↑↑ + I↓↑ − I↑↓ − I↓↓
.
I↑↑ + I↓↑ + I↑↓ + I↓↓

共6兲

As shown on Fig. 3, the spin polarization remains finite 共but
smaller than unity兲 for larger voltages 共between approximately 0.6t and 2.25t兲 and disappears at approximately 2.25t
where the current reaches saturation 共all the electrons of the
tight-binding band contribute兲. A finite spin polarization
means also that the current creates a total magnetization M in
the transport channel of length L. The value of the total magnetization is given by M / B = L共I↑↑ + I↓↑ − I↑↓ − I↓↓兲 / 具v典,
where 具v典 means the average velocity of the electrons which
are active in the transport process 共ballistic transport兲.
This spin-filtering effect is expected to work for a wide
range of gap values. The voltage region where only one spin
channel is open is determined by the applied magnetic field.
This works also if the magnetic field is not sufficiently strong
to close the gap. Therefore, even materials with gap values of
about 0.5 eV are possible candidates to show the complete
spin-filtering effect. The onset of the minority-spin channel
共at zero energy in Fig. 3兲 is given by the relative position of
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FIG. 4. 共Color online兲 共Upper plot兲 Total current as a function of
the bias voltage VD, in the presence of Rashba spin-orbit coupling,
with ␣R = 0.2, ⌬ = 0.6, B = 0.6, ⌫L = ⌫R = 0.1, and t = 1 for a chain of
500 sites. Inset shows the four spin components of the current 共in
this order from top to bottom near VD = 2.5兲: I↓↓ 共red兲, I↑↑ 共black兲,
I↓↑ 共orange兲, and I↑↓ 共blue兲. 共Lower plot兲 Spin polarization 关Eq. 共6兲兴
for the same parameters.

the chemical potential with respect to the upper band edge of
the valence band which may vary from one experimental
situation to another.
We now consider the case of nonzero SO coupling. The
transition from metallic to insulating behavior driven by SO
coupling is shown in Fig. 4. The magnetic field is the same
as in Fig. 3, i.e., it just closes the gap B = Bc = ⌬, and the
Rashba SO coupling is ␣R = 0.2t. It is created by an external
gate voltage 共see Fig. 1兲. The SO coupling leads to an insulating behavior, as seen in the spectrum 共Fig. 2兲 and in the
current-voltage characteristics 共Fig. 4兲. In contrast to Fig. 3,
the presence of the SO coupling ␣R leads to a current onset at
VD ⯝ 0.25t corresponding to half of the gap value for our
choice of the chemical potential. The different current components Iss⬘ are now all different and the spin polarization
关Eq. 共6兲兴 is different from zero but not complete 共0 ⬍ P
⬍ 1兲.
Note that the relative values of the different spin components of the current in Fig. 4 are dependent on the chain
length. This is due to the Rashba SO coupling, which is
known to induce spin precession. Here, this spin precession
is made more complex due to the presence of the magnetic
field B and the ionicity ⌬. The oscillations of the current
components, as a function of the chain length L, are shown in
Fig. 5 for L varying between 500 and 600. These oscillations
have a rather small contrast and show several periods and a
complicated dependence on bias voltage VD in the general
case 共a dominating period seems to be present for the offdiagonal components of the current though兲. This has to be
contrasted with the pure metallic case 共B = 0 and ⌬ = 0, shown
in the inset of Fig. 5兲, where only one period L p =  / ␣R is
present independently on VD and where the contrast is maximum.
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0.
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FIG. 5. 共Color online兲 Oscillations of the spin components of
the current as a function of the chain length 共lengths between 500
and 600兲, for VD = 2.0, when SO Rashba coupling is present 共␣R
= 0.2, ⌬ = 0.6, B = 0.6, ⌫L = ⌫R = 0.05, and t = 1兲. 共Inset兲 The same plot
with B = 0 and ⌬ = 0, where I↑↑ = I↓↓ and I↑↓ = I↓↑.

The role of B and ⌬ on the Rashba oscillations of the spin
component of the current can be understood from the spectrum of the system Hamiltonian, Eq. 共2兲. For reference, let us
first consider the case when both B and ⌬ are 0 共pure Rashba
case兲. The eigenstates and eigenvalues are then 共we can use a
unit cell with a single atomic site, since ⌬ = 0兲
v⫾共k兲 = 兩↑典 ⫾ i兩↓典,

共7兲

E⫾共k兲 = − 2t冑1 + ␣R2 /t2 cos关k ⫾ arctan共␣R/t兲兴.

共8兲

A state with energy E is thus obtained as a linear combination of the two eigenstates v⫾共k ⫿ ␦k兲, with ␦k
= arctan共␣R / t兲. For example, the real-space state at energy E
which is given by 兩 ↑ 典 at the site n = 0 is written as

兺n 共ei共k+␦k兲n + ei共k−␦k兲n兲兩n, ↑典 + i 兺n 共ei共k+␦k兲n − ei共k−␦k兲n兲兩n, ↓典
= 2 兺 共cos共␦kn兲兩n, ↑典 − sin共␦kn兲兩n, ↓典兲eikn ,

共9兲

n

where is it clear that the spin components oscillate along the
chain, with a period 2 / ␦k. Consider now the case when
B ⫽ 0. A simple understanding of the effect of B can be obtained by looking at the perturbative regime B Ⰶ ␣R. From
the expression of the energy spectrum, Eq. 共2兲, it is clear that
the change of the spectrum is ⬃共B / ␣R兲2 for small B, while
the modified eigenstate has a contribution ⬃共B / ␣R兲,
v+共k兲 → 兩n, ↑典 + i兩n, ↓典 −

B
兩n, ↑典.
4␣R sin k

共10兲

The modification of the eigenstate is thus the dominating
effect; as it gives eigenstates with different weights for the
spin-up and spin-down components, the contrast of the oscillations is reduced for the spin-diagonal currents 共I↑↑ and I↓↓兲
and the amplitude of the spin off-diagonal currents 共I↑↓ and
I↓↑兲 is reduced. This is shown in the inset of Fig. 6 共compare
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gaps.27 Therefore, up to the these renormalizations, the spinfiltering effect at B ⱕ ⌬ remains unchanged for weak e-e interactions. The interplay of electron-electron interactions and
Rashba spin-orbit coupling might be more complicated in the
opposite limit of strong magnetic field 共B Ⰷ ⌬兲. Considering
strong spin-orbit coupling, the e-e interaction will result in a
renormalization of the band gap in close analogy with the
ground-state phase diagram of the ionic-Hubbard model.28–30
With increasing on-site repulsion, the Mott-Hubbard-type insulating state will be developed. But the results obtained in
the free-electron case considering the bias-voltage dependence and oscillations of different spin components of current remain qualitatively valid for a sufficiently wide area of
the on-site Hubbard repulsion.
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0
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580 600
520 540

FIG. 6. 共Color online兲 Oscillations of the spin components of
the current as a function of the chain length 共lengths between 500
and 600兲 for the same parameters as Fig. 5, except ⌬ = 0. 共Inset兲 The
same plot with very small B = 0.05 共only I↑↑ and I↑↓ are shown兲.

to the inset of Fig. 5兲. As B is increased further, the changes
of the eigenstates and of the spectrum become more important and more complex, but the most important feature is the
very small contrast for the spin-diagonal currents and the
very small amplitude of the spin off-diagonal currents 共see
Fig. 6兲. The change of the spectrum means that ␦k becomes
k dependent, leading to different periods of oscillations at
different energies and thus to a complex oscillating behavior.
Let us now consider the effect of a nonzero ⌬ 共with B
= 0兲. We first take ⌬ Ⰶ ␣R; again, the expression of the energy
spectrum, Eq. 共2兲, shows that the change of the eigenvalue is
⬃共⌬ / ␣R兲2, while the modified eigenstate has a contribution
⬃⌬ / ␣R. However, the effect of ⌬ on the eigenstate is to
modify the relative contributions of odd and even sites 共because of the alternating potential ⫾⌬ / 2兲, but has no effect on
the spin component, and it does not affect the spin oscillations. Indeed, numerical computation of the oscillations for
very small ⌬ shows that the oscillations are unchanged with
respect to ⌬ = 0 共not shown兲. Going to larger values of ⌬, one
observes that the oscillations get somewhat more complex
and less regular, however there is no decrease of contrast or
the amplitude of the oscillations.
Comparing Figs. 5 and 6, we see that it is the magnetic
field which has the main impact on the Rashba oscillations,
by strongly reducing the contrast of the oscillations, and the
values of the spin off-diagonal currents. The parameter ⌬
makes the oscillations more complex by changing the spectrum, but does not change qualitatively the picture.
To conclude this section, we briefly present qualitative
estimations for some effects caused by the electron-electron
共e-e兲 interaction. We will restrict our consideration to the
limit of weak coupling, where the single-particle 共bandinsulator兲 nature of the insulating state at B = 0 remains valid
in the presence of the e-e correlations. In the above discussed
case of a half-filled ionic chain 共1兲, the inclusion of the onsite Hubbard repulsion 共U兲 leads to a weak and linear in
U / t Ⰶ 1 reduction of the band gap.27 In the case of a Peierls
insulator, the effect of Hubbard repulsion is even weaker, it
appears only in the second order in U / t, and results in a
weak 关of the order O共U2 / t2兲兴 splitting of the charge and spin

V. CONCLUSIONS

While studying the combined effect of magnetic field and
SO interaction on the transport in 1D band insulators, we
found two interesting effects. First, already without SO coupling, the presence of a magnetic field leads to complete spin
filtering. We studied this effect here by connecting the conduction channels to nonmagnetic leads but the effect of magnetic leads is easy to imagine, at least qualitatively. Then,
spin filtering means high conductance for parallel magnetization in the leads and low conductance for antiparallel arrangement.
We speculate that the voltage region of the spin-filtering
effect may be dramatically enhanced by the presence of magnetic impurities in the band insulator due to the giant Zeemann effect. This might be important for the experimental
verification of our proposal.
The second striking effect of this study appears in band
insulators with small band gap that may be closed by a magnetic field. In that situation, the SO coupling leads again to
an insulating behavior. This is especially interesting for the
Rashba spin-orbit coupling which is tuned by a gate voltage.
Therefore, we may propose a device in which the metalinsulator transition is controlled by the gate voltage via the
Rashba SO term. This is in sharp contrast with 1D metallic
systems, where the SO coupling does not lead to any metalinsulator transition.
We also showed the oscillations of the different current
components with the chain length. Whereas the simple oscillations in metallic systems are easy to understand, the oscillations are much more complex for band insulators in a magnetic field. In our calculations, the band insulator was
simulated by an ionic term of alternating on-site energies in
the Hamiltonian. But we think that our results are generic to
any kind of band insulator. On the other hand, the way in
which Coulomb correlations influence our results may be
different from one microscopic Hamiltonian to another. We
expect that the Coulomb correlation just scales the band gap
共either to larger or to smaller values兲 and that the presented
results should remain valid with effective parameters, however. We have shown that the obtained results remain qualitatively the same in the case of weak repulsive electronelectron interactions.
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