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Spin-battery and spin-current transport through a quantum dot

Da-Kun Wang! Qing-feng Surf,and Hong Gué?
Linstitute of Physics, Chinese Academy of Sciences, Beijing 100080, China
2Center for the Physics of Materials and Department of Physics, McGill University, Montreal, PQ, Canada H3A 2T8
(Received 9 December 2003; published 21 May 2004

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 more, to the best of our knowledge no one has investigated a
“circuit” where a spin battery is connected to another quan-
Traditional electronics is based on the flow of electrontum device. It is the purpose of this paper to report our the-
charge, the electron spin is ignored. However, the new andretical investigations along this line.
emerging technology of spintronics proposes to not only use We will consider the similarities and differences of vari-
electron charge but also the electron spin for informationous spin battery devices from spin-current transport point of
processind:? Many spintronic devices such as the spin valveview. We find that all theoretically proposed spin-battery de-
and magnetic tunneling junctidrare associated with the vices can be sorted into three types: the symmetrical dipolar,
flow of spin polarized charge current. In these systems botthe asymmetrical dipolar, and the unipolar spin battery. What
charge current and spin current coexist. More recently, theris important to this work is not the specific designs of each
has been an increasing interest in the generation of pure spiyipe of spin battery, but their generic chemical-potential
current without an accompanying charge current. Manysetup that drives a spin-current flow. We will then use this
schemes have been proposed theoretically to design such dgeneric chemical-potential setup as the source of spin current
vices called “spin battery” or “spin cell,” which can drive a which will be allowed to flow into a simple mesoscopic sys-
spin current to flow into external circuifs!® For example, tem, a quantum dotQD). This way, we provide a general
several works have reported that a ferromagnetic resonandavestigation on spin-current transport behavior under the
process or a rotating external magnetic field can generate dtiving of various spin batteries. We find similar results for
pure spin current which injects into adjacent conduclot8. symmetric and asymmetric dipolar spin batteries, but rather
Hirsch investigated the spin-current flow and the spin Halldifferent results for the unipolar spin battery.
effect* Long etal. proposed a gate-controllable spin  The rest of the paper is organized as follows. In the fol-
battery™ Very recently, it was reported that all-optical injec- lowing section, we discuss the various existing spin-battery
tion of pure spin current has been realized experimentally byroposals and sort them into three types. We discuss the ge-
using the quantum interference of two-color laser fields withneric chemical-potential setup of the devices. In Sec. Ill, we
cross-linear polarization in Zn&kand GaA$® semiconduc- use the generic chemical-potential setup as the spin-current
tors. source, and derive spin-current transport properties through a
The generation of a pure spin current without an accomgquantum dot using the Keldysh nonequilibrium Green’s
panying charge current is possible if all spin-up electrongunction formalism. Section IV presents the numerical results
flow in one direction and equal amount of spin-down elec-while the last section is a short summary.
trons flow in the opposite direction. In this case the net
charge currend, vanishes while a finite spin curred ex-

ists, because Il. GENERIC CHEMICAL-POTENTIAL SETUP OF SPIN

BATTERY
B To establish the driving force of a spin battery, we recall
‘]S_E(‘]T_Jl) the makes of a traditional charge battery. A charge battery
(1) must have two outlets—the positive and negative poles. The
Jo=e(J;+J)), electrochemical potential of each pole is the same for both

spin-up and spin-down electrons: electron spin never enters
whereJ,, on the right-hand side is the electron current withthe picture of charge battery. In an open circuit, the chemical
spin indexo==*==1,|. All the theoretical and experimental potentialx of the two poles are different: the difference is
works on pure spin-current generation mentioned above suthe electromotive force, see Fig@l However, spin batter-
ceed in producing this kind of electron flow. However, manyies are much different. First, a charge current must be con-
important properties of spin battery have not been studied uperved during a transport process while a spin current need
to now, including a careful discussion on the spin chemicahot bé° because of the existence of various spin-flip mecha-
potential that is established across a spin battery. Furthenisms which can change the value of spin current during its
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(a) (b) We call the third type spin battery “unipolar” because this
kind of devices has only one pole. Because a spin current
Hy My, g, need not to be conserved, a single pole is actually enough for
Hr a spin battery to work. This kind of spin batteries often have
Hy, Hg+ a built-in spin flip mechanism: it draws in electrons with one

spin orientation from its pole, then flips the spin inside the

spin battery, followed by pushing out the electron with op-

posite spin orientation. In an open circuit, a spin-dependent
chemical potentiali.e., u ; # w |) is established in the spin-

(e) J— (d) battery pole[see Fig. 1d)]. If this kind of spin battery is
; ] dot connected to an external circuit which is not closed, it drives
Ly | Byl J: Hg a spin current in that circuit. Because there are always some
Hg | /// spin-flip mechanism in the external circuit, the spin current
My, : Ky, L % will gradually weaken along its way and finally disappear.
sxzremmE = Because of the absence of a closed loop circuit, the charge

current must be zero in steady state. This means that the
spin-up electrons flowing out and the spin-down electrons
flowing into the battery must be equalee Fig. 1d)]. Some
proposed spin batteries where the built-in spin flip mecha-
nism is a ferromagnetic resonance or a rotating external mag-
netic field~1°are unipolar type.

flow. Typical spin flips are due to spin-orbital coupling, mag- It iS interesting to connect these three types of spin bat-
netic impurity scattering and so on. Therefore, a spin batterje'ies to a simple mesoscopic device, a QD, and investigate
may work even if it has only one pole as shown in Refs Spin-current tra_msport t_hrough the QD under the driving
8-10. Second, the charge degree of freedom is a scalar whif@rce of the spin batteries. In the last two decades, charge
spin degree of freedom is a vector, so that the spin-motiv&ansport through a QD driven by a charge battery has been
force is also a vector and the spin current is actually dnvestigated extensively. A series of Coulomb oscillation
tensor'® Third, in order to drive a spin current, the chemical Peaks with almost equal interval emerge in the curves of
potentials for spin-up and spin-down electrons are require§n€ar conductance versus gate voltagé°This is the Cou- _
to be different. These differences between a charge battetpmb blockade phenomenon where between two successive
and a spin battery dictates different transport properties fof-oulomb peaks, the conductance is very small. What hap-
their circuits. pens for spin-current transport through a QD driven by a spin
According to the numbers of electrodes and the spinPattery? What are the differences in spin-current transport
dependent chemical potential distribution in the electrodesdriven by the different kinds of spin batteries? These ques-
we found that all existing spin batteries can be classified int¢ions will be investigated in the following sections.
three types. We call the first type symmetric dipolar spin
battery: these devices have two poles labeled the left and the lll. SPIN CURRENT DRIVEN BY A SPIN BATTERY:
right pole. In an open circuit, their built-in mechanism can MODEL AND ANALYSIS

enerate a spin-motive force between the two poles so that . L L
g P b We now present the detailed theoretical investigation of a

the spin-dependent chemical potenti@le., w17 p, . X
=L RE) can Ee established in eaFt)ch pole Thlé cTiev’lit:el is smeD gonnectehd tg a Slp'g bﬁattery.lAs mhentloned ?bove, we do
i _ _ ) . not discuss the detailed physical mechanisms of various spin
»:Eg”c(;é): C;f?ﬁhtmﬁl a_n (:LMFT Ofﬁfﬁé E:Sr?eem'i:clgl ;l)t()))t]er:: o batteries which can be found in the original literatir&; but
y aT al . . . .
in the left and the right pole are identical, and the poles arge Use th_e generic chemical potential Setups of Fig. 1 to
i o . drive a spin current through a QD. The QD is described in
completely equivalent. For the existing spin-battery propos; . Lo
. . . the following Anderson Hamiltonian:
als, for example, the spin battery induced by spin Hall
effect’ by spin-dependent photon assisted tunneliremd H=H+H.+H )
other§"13-are symmetric dipolar spin batteries. ¢
The second type spin battery can be called asymmetrizwhere
dipolar spin battery. This kind of devices also has two poles
but only one of them has a splitting in chemical potential for B Lt Ryt
spin-up and spin-down electrons, the other pole is spin inde- H'_kE(, Skak”ak“JrkE,, £kBis iy ©)
pendenfsee Fig. 1c)]. Notice that if this kind of spin battery
is connected to an external circuit, it can still drive spin-up
electrons to move in one direction while spin-down electrons He= > sc(,cj,c(ﬂr ECC}rCTCICL , (4)
moving in the opposite direction, i.e., a spin current is driven 7
in the whole circuit. Belonging to this type are the recently
propszed gate-controllable spin battérghe quantum spin He=> Lkalg—co—i_E Rb{ ¢, +H.c. (5)
pump;“ and others. ko ko

FIG. 1. Schematic plot of the position of chemical potential in
the polds) for: (a) charge battery(b) for symmetric dipolar spin
battery;(c) for completely asymmetric dipolar spin battefd) for
unipolar spin battery. Ir(d), the device in the dotted box is the
unipolar spin battery and others are for external circuit.
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Here H, describes the noninteracting left and right leads, 08 ' ' ' ' ' ' '

alg(akg) and b;ﬁa(bka) are the creatiofannihilatior) opera- a ——B=0.0
tors for electrons in the left and right lead, respectivklis 06, (@) _'_f_'_jgjg-g |

(e/2m)

the electron momentum quantum number ands the spin
index.H. models the QD with one energy level having spin
index o. The intradot Coulomb interaction is given by the
interaction energ¥. . The single-particle energy level of the
QD ¢, is doubly degenerate in the absence of an external
magnetic fieldB, but it ise.,=¢e.+ oB/2 due to the Zeeman
splitting whenB+#0. H; is the Hamiltonian for tunneling
between the leads and the QD, whege Ry are the hopping
matrix elements. (b) A
It is worthy to note that the Hamiltonian Eq&2)—(5)
appear to be identical to that of a QD coupled to two leads ‘
under a charge bias voltad®?! While this is true for the 0.0 e AN
QD, the transport physics is qualitatively different when we
couple the QD to a spin battery so that the electron distribu-
tion in the leads is different from the usual charge transport
situations. For QD coupled to a charge battery, electrons in -1.0+ .
each lead are at local equilibrium and its chemical potential . . . . , , .
is spin independent. For our present system of a QD coupled %0 -5 -20 45 -0 -5 0 5 10
to a spin battery, the chemical potential in each lead is spin intradot level ¢
dependent, as shown in Fig. 1. Then, for the unipolar spin ¢
battery we connect our QD to the spin battery as shown in FIG. 2. The spin conductan€, (a) and the charge conductance
Fig. 1(d): the QD still has two leads but we assume that spinG, (b) vs e, under the dipole spin battery for different magnetic
flip is strong in the right lead so that electron distribution isfield B, whereu,,=0 andE.= 20.
always in local equilibrium inside it. This way, a spin current
flowing out from the unipolar spin battery passes through thevhere>"=—i/2[I" +T'g] is the retarded self energy due to
QD, and disappears in the right leggee Fig. 1d)]. tunneling coupling, andh; is the intradot electron occupa-
Our theoretical analysis is based on the Keldysh nonequigon nymber at stater. Heren,, needs to be calculated self
librium Green'’s function formalism. The spin currehtand consistently and its self-consistent equation is,
the charge curreni, is defined in Eq(1) above, where the = [de/2m IMGL,(¢), whereG=,(s) is the standard lesser

gi/ei::]re()r;oﬁgc\t?nngﬂ%,Ofr(:r:usiszl?’zgomponentr can be calculated Green’s function. A_s usuaG[,U(s) has two resonances: one
' at energye ., for which the associated statg, is empty; the
other is ate.,+E; for which the associated state, is
occupied!
Next, we solve the Green’s functio® (&) which is
6) needed in the self-consistent computation of the occupation
number. For interacting systen®;, () cannot be obtained
from the equation of motion without introducing additional
assumption%‘.1 Recently, we found that quantity
JdeG;, (&), which is actually what we need here, can be
solved exactl)?5 This allows us to bypass any approximation
involved in computingG_,(&). Following the approach of
eR f. 25,/deG; (&) is easily obtained as:

Gs

(e°/h)
&

Ge

rtrr

1
:%f delf5(e)~5(e) )

~ MG (e) ,

where () ={exd (e — q,)/ksT]+1}* is the Fermi-Dirac
distribution function of electrons with spin indexin the «
lead. T' =3 27|L|?8(e —e) and T'R=327|R|?8(e

— &) are the line-width functions which also describe the’
coupling strength between the leads and the QD. The
tarded Green’s functio®! (&) is the Fourier transform of
G! (1), which is defined asG! (t)=—i6(t){{c,(t),

cl (o). _ fert+ffrR -
Using the standard equation of motion technique, for the f dSGW(S):f Lt R [Gov=Coul- (8
Hamiltonian (2)—(5), the retarded Green’s functic®! (&)
can be solved?"?* This completes the analytical derivation.
In the numerical calculations, we set=I"R=T"/2, and
G' (g) setI'=1 as the energy unit for simplification. We fix the
intradot Coulomb interaction enerdy, and the temperature
e—&¢o— Ec(1—ny) scalekgT to be 20" and 0.T", respectively. Compared with

- . o~ — typical experimental parameters this choice is reasonable: in
(e=eco)(e— 0o Eo) =2yle —eco—Eo(1-0y)] a QD experiment, the Coulomb interaction enekgy can
(7) reach 2.0 meV with a coupling constdntwhich is 20 times
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FIG. 3. The spin curreni; (&) and the charge curredt (b) vs FIG. 4. The spin currenl, (a) and the charge curred, (b) vs
& driven by a symmetric dipolar spin battery for different magnetic ; - ynder a completely asymmetric dipolar spin battery for different
field B, wherew ;= ug = —pu =~ pr; =2 andE.=20. magnetic fieldB, where u ;= —pu. =2, ug,=0, andE.=20.
Notice that the curves fdB=—6.0 in (a) completely overlap with

smaller thanE;, and in the low temperature limiff the curves foB=2.0 so that the latter cannot be seen in the figure.

=100 mk, i.e.kgT~0.01 meV is experimentally realizable.

IV. NUMERICAL RESULTS values are not equal. o .
_ _ o _ Next, we investigate the case of finite spin-motive force.
We first consider the situation where our QD is coupled toFigs. 3 and 4 show results for the symmetric dipolar spin
a symmetric or an asymmetric dipolar spin battery, where thgattery and the asymmetric dipolar spin battery, respectively.

electrochemical potentials are shown in Figth)land XC).  The spin current and the charge current have the following
Figure 2 plots the linear spin conductar@g=dJ;/dV (V  features.

=V|;—Vg=Vg —Vi)) and the linear charge conductance
G.=dJ./dV versus the intradot level., which can be con-
trolled by a gate'vo!tage expgnmentally. With or without an (i) There are two peaks with an interval Bf , because
external magnetic field, the linear conductanGsand G, : ; '

S of the Coulomb interaction.
under the symmetric dipolar battery are completely the same (iii) For the symmetric dipolar spin battery, the charge

as the one under an asymmetric dipolar battery. Without aurrent is exactly zero in the absence of external magnetic
external magnetic field, linear transport of electron densit){fi Id B. With an )i/n reasind. the char rrent incr 9
(or electron numbegrcan be described by the quanti®, € : an increasings, the charge curre creases

=dJ, /dV for spin. A double peak structure at,=0 and rapidly. The spin current, on the other hand, always has a
e.=—E, is seen for both dipolar spin batteries. SirGe Iarge peak value regardlessBfIf the direction of the_mag-
=-G,, the charge conductandB.=0 exactly. On the netic field changes, the charge current and the spin current
other hand, the spin conductan@s is very large and has have the symmetry propertys(—B)=J(B) and Je(—B)

two peaks[solid line in Fig. Za)]. In this case, a pure spin =Je(B).

current flows in the system. When there is a magnetic field, (iv) For the completely asymmetric dipolar spin battery,
each peak in the spin conductance will split into two peakslthough the charge curredy is not zero aB=0, J, is still

due to the Zeeman splitting, and one of these two peaks igxactly zero aB=u =—2 for anye.. The spin current
strongly suppressed because of Coulomb blockade effecand charge current also have the following symmety:
Meanwhile, the charge conductance emerges and it also has (B— ) 1=Js(B— ) and J[ —(B— () ]=—Je(B

two large peaks and two small peaksee Figs. &0 and  —u ). These behaviors are very similar to that of symmet-
2(b)]. Notice that the spin conductance is always positivefic dipolar spin battery.

but the charge conductance can be positive or negative de- Finally, we investigate transport behavior under the driv-
pending on the value of the intradot level. In fact, for  ing force of an unipolar spin battery. Because this spin bat-
nonzero magnetic field, the dipolar spin battery drives dery has only one pole, the charge current must be zero in the
charge polarized spin current, in which spin-up electrons angteady state, i.eJ;=—J, . Let us consider an unipolar spin
spin-down electrons move in opposite directions but theibattery with a spin-dependent chemical potentia|, con-

(i) The spin current is always positive but charge current
can be positive or negative.
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spin current(1/21 )
spin current(1/21 )

(b p + )2
(hyy + 1,2

-5 -10 5 0 5 10 15 3 25 20 15 10 5 0 5 10
intradot level ¢ intradot level e
FIG. 5. The spin currendg (a) and the position of chemical FIG. 6. The spin currends (a) and the position of che mical
potential (u ;+ . |)/2 (b) vs e under the unipolar spin battery for potential (u ; + u(|)/2 (b) vs &, under the unipolar spin battery for
different B, whereug,=0 andE.=0. different B, whereug,=0 andE.= 20.

_ ) ~acondition that is easily satisfied. Finally, the position of the
nected to a QD devicksee Fig. 1d)]. Just after the QD IS steady state chemical potentigl,(; + u, |)/2, versus the in-
connected to the spin battery; is generally not equal to traqot levele, is shown in Figs. B) and &b). It shows that

Then the electron number in the left lead, i.e., in the regionpeans that electrons in the left lead can be depleted or accu-
of the dotted box in Fig. (M), will deplete or accumulate so yyjated depending on the position of the intradot level

that the chemical potential, , is _cha_nge(f‘j'27 For the pro- At the peak position of the spin currentu(;+ . |)/2
posed unipolar spin-battery device in Refs. 8-10, the differghanges its sign.

enceu ;— ur in an open circuit depends on the frequency

of the ferromagnetic resonance or a rotating external mag- V. SUMMARY
netic field. Therefore, in our numerical calculations, we as- ) ]
sume that the differencg, ;— u, | is fixed. After some re- By comparing all the recently proposed spin-battery de-

laxation time, the system reaches a steady state for whicice models, we found that they can be classified into three
J=-1, 2627 \vhere the spin current and the position of types: the s_ymmetrlq dipolar, the asymmetnq dipolar, and_the
chemical potential versus the intradot level are shown in Figunipolar spin batteries. Despite the very different physical
5 (without intradot interactionE,=0) and Fig. 6(with the ~ Mechanisms inside each spin-battery device, the generic
interaction.2®27 At B=0, the spin current has one or two chemical pptentlal setup can pe summa}rlzed in Fig. 1. When
peaks for the case d.=0 or E.#0. Then, asB is in- the _three o_Ilfferent types o_f spin battery is connected to a QD
creased, the spin current is strongly suppressed. For lardi€Vice, spin-current flow is induced. We found that the both
values ofB, the spin current is very small for amy, regard- dlpolar spin batteries give S|m|Iar transport results, while it is
less of the intradot interaction. These behaviors are very difV€ry different for the unipolar spin battery. For the latter, the
ferent from the dipolar spin battery, where the spin current iSPin-current is drastically suppressed in the presence of a
always large at resonance whetlier 0 or not. The reason Mmagnetic field.
that a finiteB suppresses spin current is because for an uni-

polar spin batteryl; must equal to-J,, therefore to obtain

a large spin current one requires two statgsande . inside We gratefully acknowledge financial support from the
the energy rangéhe bias window of the integration of Eq. Chinese Academy of Sciences and NSF-China under Grant
(6). This energy range is fromg; to u;; and fromu | to No. 90303016(D.W. and Q.S; Natural Science and Engi-
ug, for the two spin polarizations, respectively. But this con-neering Research Council of Canada, le Fonds pour la For-
dition is not generally satisfied wheBi#0 which shifts the mation de Chercheurs et I'Aide la Recherche de la Prov-
levels apart. For the dipolar spin battery, on the other handnce du Queec, and from NanoQuebet!.G). D.W. and

in order to obtain a large spin current it only requires one ofQ.S. gratefully acknowledge Professor E.G. Wang for helpful
the two statess.; or & to be inside the bias window, discussions on the general physics of spin transport.
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—€.; (i) In an experiment, the intradot level. is generally
controlled by a gate voltage, ands, is the chemical potential

of the right bulk reservoir. Therefore bo#y and g, are fixed

by external paraemtergate and right reservoir Numerically,

we iteratively adjust the parameter ,— e, until J,=—J, is
satisfied, this way it is not necessary to calculate the depleted or
accumulated electron number. Of course, one can also calculate
this electron number, for example using the technique of
Ref. 27.

27\/J. Goldman, D.C. Tsui, and J.E. Cunningham, Phys. Rev. Lett.

58, 1256(1987; D. Sanchez, A.H. MacDonald, and G. Platero,

2Here we have taken the same decoupling approximation as those Phys. Rev. B85, 035301(2002.
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