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Spin-battery and spin-current transport through a quantum dot
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We compare various recently proposed spin-battery devices which provide source of spin current. We sort
them into three types according to the chemical-potential setup: the symmetric dipolar, the asymmetric dipolar,
and the unipolar spin batteries. We propose a model in which these three different types of spin battery are
coupled to the same quantum dot to generate spin-current transport. We find that the dipolar spin batteries give
similar results while very different results are found for the unipolar device.
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I. INTRODUCTION

Traditional electronics is based on the flow of electr
charge, the electron spin is ignored. However, the new
emerging technology of spintronics proposes to not only
electron charge but also the electron spin for informat
processing.1,2 Many spintronic devices such as the spin va
and magnetic tunneling junction3 are associated with th
flow of spin polarized charge current. In these systems b
charge current and spin current coexist. More recently, th
has been an increasing interest in the generation of pure
current without an accompanying charge current. Ma
schemes have been proposed theoretically to design suc
vices called ‘‘spin battery’’ or ‘‘spin cell,’’ which can drive a
spin current to flow into external circuits.4–15 For example,
several works have reported that a ferromagnetic reson
process or a rotating external magnetic field can genera
pure spin current which injects into adjacent conductors.8–10

Hirsch investigated the spin-current flow and the spin H
effect;4 Long et al. proposed a gate-controllable sp
battery.11 Very recently, it was reported that all-optical inje
tion of pure spin current has been realized experimentally
using the quantum interference of two-color laser fields w
cross-linear polarization in ZnSe14 and GaAs15 semiconduc-
tors.

The generation of a pure spin current without an acco
panying charge current is possible if all spin-up electro
flow in one direction and equal amount of spin-down ele
trons flow in the opposite direction. In this case the n
charge currentJe vanishes while a finite spin currentJs ex-
ists, because

H Js5
\

2
~J↑2J↓!

Je5e~J↑1J↓!,

~1!

whereJs on the right-hand side is the electron current w
spin indexs[6[↑,↓. All the theoretical and experimenta
works on pure spin-current generation mentioned above
ceed in producing this kind of electron flow. However, ma
important properties of spin battery have not been studied
to now, including a careful discussion on the spin chemi
potential that is established across a spin battery. Furt
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more, to the best of our knowledge no one has investigate
‘‘circuit’’ where a spin battery is connected to another qua
tum device. It is the purpose of this paper to report our t
oretical investigations along this line.

We will consider the similarities and differences of va
ous spin battery devices from spin-current transport poin
view. We find that all theoretically proposed spin-battery d
vices can be sorted into three types: the symmetrical dipo
the asymmetrical dipolar, and the unipolar spin battery. W
is important to this work is not the specific designs of ea
type of spin battery, but their generic chemical-potent
setup that drives a spin-current flow. We will then use t
generic chemical-potential setup as the source of spin cur
which will be allowed to flow into a simple mesoscopic sy
tem, a quantum dot~QD!. This way, we provide a genera
investigation on spin-current transport behavior under
driving of various spin batteries. We find similar results f
symmetric and asymmetric dipolar spin batteries, but rat
different results for the unipolar spin battery.

The rest of the paper is organized as follows. In the f
lowing section, we discuss the various existing spin-batt
proposals and sort them into three types. We discuss the
neric chemical-potential setup of the devices. In Sec. III,
use the generic chemical-potential setup as the spin-cur
source, and derive spin-current transport properties throu
quantum dot using the Keldysh nonequilibrium Gree
function formalism. Section IV presents the numerical resu
while the last section is a short summary.

II. GENERIC CHEMICAL-POTENTIAL SETUP OF SPIN
BATTERY

To establish the driving force of a spin battery, we rec
the makes of a traditional charge battery. A charge batt
must have two outlets—the positive and negative poles.
electrochemical potential of each pole is the same for b
spin-up and spin-down electrons: electron spin never en
the picture of charge battery. In an open circuit, the chem
potentialm of the two poles are different: the difference
the electromotive force, see Fig. 1~a!. However, spin batter-
ies are much different. First, a charge current must be c
served during a transport process while a spin current n
not be8,9 because of the existence of various spin-flip mec
nisms which can change the value of spin current during
©2004 The American Physical Society12-1
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flow. Typical spin flips are due to spin-orbital coupling, ma
netic impurity scattering and so on. Therefore, a spin bat
may work even if it has only one pole as shown in Re
8–10. Second, the charge degree of freedom is a scalar w
spin degree of freedom is a vector, so that the spin-mo
force is also a vector and the spin current is actually
tensor.16 Third, in order to drive a spin current, the chemic
potentials for spin-up and spin-down electrons are requ
to be different. These differences between a charge ba
and a spin battery dictates different transport properties
their circuits.

According to the numbers of electrodes and the sp
dependent chemical potential distribution in the electrod
we found that all existing spin batteries can be classified
three types. We call the first type symmetric dipolar sp
battery: these devices have two poles labeled the left and
right pole. In an open circuit, their built-in mechanism c
generate a spin-motive force between the two poles so
the spin-dependent chemical potential~i.e., ma↑Þma↓ ,a
5L,R) can be established in each pole. The device is s
metric becausemL↑5mR↓ andmR↑5mL↓ @see Fig. 1~b!#. In
this case, the splittinguma↑2ma↓u of the chemical potentia
in the left and the right pole are identical, and the poles
completely equivalent. For the existing spin-battery prop
als, for example, the spin battery induced by spin H
effect,4 by spin-dependent photon assisted tunneling,5 and
others6,7,13–15are symmetric dipolar spin batteries.

The second type spin battery can be called asymme
dipolar spin battery. This kind of devices also has two po
but only one of them has a splitting in chemical potential
spin-up and spin-down electrons, the other pole is spin in
pendent@see Fig. 1~c!#. Notice that if this kind of spin battery
is connected to an external circuit, it can still drive spin-
electrons to move in one direction while spin-down electro
moving in the opposite direction, i.e., a spin current is driv
in the whole circuit. Belonging to this type are the recen
proposed gate-controllable spin battery,11 the quantum spin
pump,12 and others.

FIG. 1. Schematic plot of the position of chemical potential
the pole~s! for: ~a! charge battery;~b! for symmetric dipolar spin
battery;~c! for completely asymmetric dipolar spin battery;~d! for
unipolar spin battery. In~d!, the device in the dotted box is th
unipolar spin battery and others are for external circuit.
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We call the third type spin battery ‘‘unipolar’’ because th
kind of devices has only one pole. Because a spin cur
need not to be conserved, a single pole is actually enough
a spin battery to work. This kind of spin batteries often ha
a built-in spin flip mechanism: it draws in electrons with o
spin orientation from its pole, then flips the spin inside t
spin battery, followed by pushing out the electron with o
posite spin orientation. In an open circuit, a spin-depend
chemical potential~i.e.,mL↑ÞmL↓) is established in the spin
battery pole@see Fig. 1~d!#. If this kind of spin battery is
connected to an external circuit which is not closed, it driv
a spin current in that circuit. Because there are always so
spin-flip mechanism in the external circuit, the spin curre
will gradually weaken along its way and finally disappe
Because of the absence of a closed loop circuit, the ch
current must be zero in steady state. This means that
spin-up electrons flowing out and the spin-down electro
flowing into the battery must be equal@see Fig. 1~d!#. Some
proposed spin batteries where the built-in spin flip mec
nism is a ferromagnetic resonance or a rotating external m
netic field8–10 are unipolar type.

It is interesting to connect these three types of spin b
teries to a simple mesoscopic device, a QD, and investig
spin-current transport through the QD under the drivi
force of the spin batteries. In the last two decades, cha
transport through a QD driven by a charge battery has b
investigated extensively.17 A series of Coulomb oscillation
peaks with almost equal interval emerge in the curves
linear conductance versus gate voltage.18–20This is the Cou-
lomb blockade phenomenon where between two succes
Coulomb peaks, the conductance is very small. What h
pens for spin-current transport through a QD driven by a s
battery? What are the differences in spin-current transp
driven by the different kinds of spin batteries? These qu
tions will be investigated in the following sections.

III. SPIN CURRENT DRIVEN BY A SPIN BATTERY:
MODEL AND ANALYSIS

We now present the detailed theoretical investigation o
QD connected to a spin battery. As mentioned above, we
not discuss the detailed physical mechanisms of various
batteries which can be found in the original literature,4–15but
we use the generic chemical potential setups of Fig. 1
drive a spin current through a QD. The QD is described
the following Anderson Hamiltonian:

H5Hl1Hc1Ht , ~2!

where

Hl5(
ks

«k
Laks

† aks1(
ks

«k
Rbks

† bks , ~3!

Hc5(
s

«cscs
†cs1Ecc↑

†c↑c↓
†c↓ , ~4!

Ht5(
ks

Lkaks
† cs1(

ks
Rkbks

† cs1H.c. ~5!
2-2
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Here Hl describes the noninteracting left and right lea
aks

† (aks) andbks
† (bks) are the creation~annihilation! opera-

tors for electrons in the left and right lead, respectively.k is
the electron momentum quantum number ands is the spin
index.Hc models the QD with one energy level having sp
index s. The intradot Coulomb interaction is given by th
interaction energyEc . The single-particle energy level of th
QD «cs is doubly degenerate in the absence of an exte
magnetic fieldB, but it is«cs5«c1sB/2 due to the Zeeman
splitting whenBÞ0. Ht is the Hamiltonian for tunneling
between the leads and the QD, whereLk , Rk are the hopping
matrix elements.

It is worthy to note that the Hamiltonian Eqs.~2!–~5!
appear to be identical to that of a QD coupled to two lea
under a charge bias voltage.18,21 While this is true for the
QD, the transport physics is qualitatively different when w
couple the QD to a spin battery so that the electron distri
tion in the leads is different from the usual charge transp
situations. For QD coupled to a charge battery, electron
each lead are at local equilibrium and its chemical poten
is spin independent. For our present system of a QD cou
to a spin battery, the chemical potential in each lead is s
dependent, as shown in Fig. 1. Then, for the unipolar s
battery we connect our QD to the spin battery as shown
Fig. 1~d!: the QD still has two leads but we assume that s
flip is strong in the right lead so that electron distribution
always in local equilibrium inside it. This way, a spin curre
flowing out from the unipolar spin battery passes through
QD, and disappears in the right lead@see Fig. 1~d!#.

Our theoretical analysis is based on the Keldysh none
librium Green’s function formalism. The spin currentJs and
the charge currentJe is defined in Eq.~1! above, where the
electron currentJs for spin components can be calculated
by the following formula:21,22

Js5
1

\E d«@ f s
L~«!2 f s

R~«!#
GLGR

GL1GR F2
1

p
Im Gss

r ~«!G ,
~6!

where f s
a(«)5$exp@(«2mas)/kBT#11%21 is the Fermi-Dirac

distribution function of electrons with spin indexs in the a
lead. GL5(k2puLku2d(«2«k

L) and GR5(k2puRku2d(«
2«k

R) are the line-width functions which also describe t
coupling strength between the leads and the QD. The
tarded Green’s functionGss

r («) is the Fourier transform o
Gss

r (t), which is defined asGss
r (t)52 iu(t)^$cs(t),

cs
†(0)%&.

Using the standard equation of motion technique, for
Hamiltonian~2!–~5!, the retarded Green’s functionGss

r («)
can be solved:11,21,23

Gss
r ~«!

5
«2«cs2Ec~12ns̄!

~«2«cs!~«2«cs2Ec!2Ss
r @«2«cs2Ec~12ns̄!#

~7!
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whereS r52 i /2@GL1GR# is the retarded self energy due
tunneling coupling, andns̄ is the intradot electron occupa
tion number at states̄. Herens needs to be calculated se
consistently and its self-consistent equation isns

5*d«/2p Im Gss
, («), whereGss

, («) is the standard lesse
Green’s function. As usual,Gss

r («) has two resonances: on
at energy«cs for which the associated state«cs̄ is empty; the
other is at«cs1Ec for which the associated state«cs̄ is
occupied.11

Next, we solve the Green’s functionGss
, («) which is

needed in the self-consistent computation of the occupa
number. For interacting systems,Gss

, («) cannot be obtained
from the equation of motion without introducing addition
assumptions.24 Recently, we found that quantity
*d«Gss

, («), which is actually what we need here, can
solved exactly.25 This allows us to bypass any approximatio
involved in computingGss

, («). Following the approach of
Ref. 25,*d«Gss

, («) is easily obtained as:

E d«Gss
, ~«!5E d«

f s
LGL1 f s

RGR

GL1GR
@Gss

a 2Gss
r #. ~8!

This completes the analytical derivation.
In the numerical calculations, we setGL5GR5G/2, and

set G51 as the energy unit for simplification. We fix th
intradot Coulomb interaction energyEc and the temperature
scalekBT to be 20G and 0.1G, respectively. Compared with
typical experimental parameters this choice is reasonable
a QD experiment, the Coulomb interaction energyEc can
reach 2.0 meV with a coupling constantG which is 20 times

FIG. 2. The spin conductanceGs ~a! and the charge conductanc
Ge ~b! vs «c under the dipole spin battery for different magne
field B, wheremas50 andEc520.
2-3
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smaller than Ec , and in the low temperature limitT
5100 mk, i.e.,kBT'0.01 meV is experimentally realizable

IV. NUMERICAL RESULTS

We first consider the situation where our QD is coupled
a symmetric or an asymmetric dipolar spin battery, where
electrochemical potentials are shown in Figs. 1~b! and 1~c!.
Figure 2 plots the linear spin conductanceGs5dJs /dV (V
[VL↑2VR↑5VR↓2VL↓) and the linear charge conductan
Ge5dJe /dV versus the intradot level«c , which can be con-
trolled by a gate voltage experimentally. With or without
external magnetic field, the linear conductancesGs and Ge
under the symmetric dipolar battery are completely the sa
as the one under an asymmetric dipolar battery. Withou
external magnetic field, linear transport of electron dens
~or electron number! can be described by the quantityGs
[dJs /dV for spin s. A double peak structure at«c50 and
«c52Ec is seen for both dipolar spin batteries. SinceG↑
52G↓ , the charge conductanceGe50 exactly. On the
other hand, the spin conductanceGs is very large and has
two peaks@solid line in Fig. 2~a!#. In this case, a pure spi
current flows in the system. When there is a magnetic fi
each peak in the spin conductance will split into two pea
due to the Zeeman splitting, and one of these two peak
strongly suppressed because of Coulomb blockade ef
Meanwhile, the charge conductance emerges and it also
two large peaks and two small peaks@see Figs. 2~a! and
2~b!#. Notice that the spin conductance is always positi
but the charge conductance can be positive or negative
pending on the value of the intradot level«c . In fact, for
nonzero magnetic field, the dipolar spin battery drives
charge polarized spin current, in which spin-up electrons
spin-down electrons move in opposite directions but th

FIG. 3. The spin currentJs ~a! and the charge currentJe ~b! vs
«c driven by a symmetric dipolar spin battery for different magne
field B, wheremL↑5mR↓52mL↓52mR↑52 andEc520.
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values are not equal.
Next, we investigate the case of finite spin-motive forc

Figs. 3 and 4 show results for the symmetric dipolar s
battery and the asymmetric dipolar spin battery, respectiv
The spin current and the charge current have the follow
features.

~i! The spin current is always positive but charge curr
can be positive or negative.

~ii ! There are two peaks with an interval ofEc , because
of the Coulomb interaction.

~iii ! For the symmetric dipolar spin battery, the char
current is exactly zero in the absence of external magn
field B. With an increasingB, the charge current increase
rapidly. The spin current, on the other hand, always ha
large peak value regardless ofB. If the direction of the mag-
netic field changes, the charge current and the spin cur
have the symmetry propertyJs(2B)5Js(B) and Je(2B)
5Je(B).

~iv! For the completely asymmetric dipolar spin batte
although the charge currentJe is not zero atB50, Je is still
exactly zero atB5mL↓522 for any «c . The spin current
and charge current also have the following symmetry:Js

@2(B2mL↓)#5Js(B2mL↓) and Je@2(B2mL↓)#52Je(B
2mL↓). These behaviors are very similar to that of symm
ric dipolar spin battery.

Finally, we investigate transport behavior under the dr
ing force of an unipolar spin battery. Because this spin b
tery has only one pole, the charge current must be zero in
steady state, i.e.,J↑52J↓ . Let us consider an unipolar spi
battery with a spin-dependent chemical potentialmLs con-

FIG. 4. The spin currentJs ~a! and the charge currentJe ~b! vs
«c under a completely asymmetric dipolar spin battery for differe
magnetic fieldB, where mL↑52mL↓52, mRs50, and Ec520.
Notice that the curves forB526.0 in ~a! completely overlap with
the curves forB52.0 so that the latter cannot be seen in the figu
2-4
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nected to a QD device@see Fig. 1~d!#. Just after the QD is
connected to the spin battery,J↑ is generally not equal to
2J↓ and a charge currentJe is not zero in the transient time
Then the electron number in the left lead, i.e., in the reg
of the dotted box in Fig. 1~d!, will deplete or accumulate so
that the chemical potentialmLs is changed.26,27 For the pro-
posed unipolar spin-battery device in Refs. 8–10, the dif
encemL↑2mL↓ in an open circuit depends on the frequen
of the ferromagnetic resonance or a rotating external m
netic field. Therefore, in our numerical calculations, we
sume that the differencemL↑2mL↓ is fixed. After some re-
laxation time, the system reaches a steady state for w
J↑52J↓ ,26,27 where the spin current and the position
chemical potential versus the intradot level are shown in F
5 ~without intradot interaction,Ec50) and Fig. 6~with the
interaction!.26,27 At B50, the spin current has one or tw
peaks for the case ofEc50 or EcÞ0. Then, asB is in-
creased, the spin current is strongly suppressed. For l
values ofB, the spin current is very small for any«c regard-
less of the intradot interaction. These behaviors are very
ferent from the dipolar spin battery, where the spin curren
always large at resonance whetherB50 or not. The reason
that a finiteB suppresses spin current is because for an
polar spin batteryJ↑ must equal to2J↓ , therefore to obtain
a large spin current one requires two states«c↑ and«c↓ inside
the energy range~the bias window! of the integration of Eq.
~6!. This energy range is frommR↑ to mL↑ and frommL↓ to
mR↓ for the two spin polarizations, respectively. But this co
dition is not generally satisfied whenBÞ0 which shifts the
levels apart. For the dipolar spin battery, on the other ha
in order to obtain a large spin current it only requires one
the two states«c↑ or «c↓ to be inside the bias window

FIG. 5. The spin currentJs ~a! and the position of chemica
potential (mL↑1mL↓)/2 ~b! vs «c under the unipolar spin battery fo
different B, wheremRs50 andEc50.
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a condition that is easily satisfied. Finally, the position of t
steady state chemical potential, (mL↑1mL↓)/2, versus the in-
tradot level«c is shown in Figs. 5~b! and 6~b!. It shows that
(mL↑1mL↓)/2 may be higher or lower thanmR50. This
means that electrons in the left lead can be depleted or a
mulated depending on the position of the intradot level«c .
At the peak position of the spin current, (mL↑1mL↓)/2
changes its sign.

V. SUMMARY

By comparing all the recently proposed spin-battery d
vice models, we found that they can be classified into th
types: the symmetric dipolar, the asymmetric dipolar, and
unipolar spin batteries. Despite the very different physi
mechanisms inside each spin-battery device, the gen
chemical potential setup can be summarized in Fig. 1. W
the three different types of spin battery is connected to a
device, spin-current flow is induced. We found that the b
dipolar spin batteries give similar transport results, while i
very different for the unipolar spin battery. For the latter, t
spin-current is drastically suppressed in the presence
magnetic field.
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