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Abstract. We investigate the quantum transport through a mesoscopic device consisting of an open, lateral
double-quantum-dot coupled by time oscillating and spin-polarization dependent tunneling which results
from a static magnetic field applied in the tunneling junction. In the presence of a non-vanishing bias
voltage applied to two attached macroscopic leads both spin and charge currents are driven through the
device. We demonstrate that the spin and charge currents are controllable by adjusting the gate voltage,
the frequency of driving field and the magnitude of the magnetic field as well. An interesting resonance

phenomenon is observed.

PACS. 72.10.Bg General formulation of transport theory — 72.25.-b Spin polarized transport — 73.23.-b

Electronic transport in mesoscopic systems

1 Introduction

Traditional electronics is based on the charge transport
and the spin degree of electrons does not play a role. The
idea of electronic devices that exploit both the charge and
spin degrees of electrons has led to a new field known
as spintronics. In the devices consisting of open quan-
tum dots electrons can freely enter and exit the dots via
leads that support one or more propagating modes. Spin-
polarized transports in open quantum dots have attracted
considerable attentions recently since these devices not
only exhibit the new fundamental physics but also are
of promising applications in the emerging technologies
of spintronics and quantum information [1,2]. Thus it
is of great importance to generate and control the spin-
dependent current. Recent experimental advances in spin-
tronics have stimulated an impetus to study spin-polarized
transport. A spin current is produced by the motion of
spin-polarized electrons and the mechanism of realization
of spin current relies on spin-orbit coupling to couple the
local spin of material to the conduction electrons. Spin-
polarized transport occurs naturally in any material with
an imbalance of the spin populations at the Fermi level
which is the characteristic of ferromagnetic metals [3]. Tra-
ditionally, spin injection from a ferromagnetic material to
a normal metal or semiconductor material has been used
to obtain spin-polarized charge current. More recently,
several theoretical proposals of spin-battery were reported
for the generation of spin-current [4-7]. In this paper, we
present a new type of mechanism for generation of the
spin-polarized current based on the Larmor precession of
spin in magnetic field which is confined inside the tun-
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Fig. 1. Schematic diagram for the lateral double-quantum-dot
coupled to two leads.

neling barrier between two quantum dots. It was demon-
strated long ago by Biittiker [8] that the main effect of the
magnetic field on the spin of particle which penetrates the
barrier is to align the spin with the field since the particle
with spin parallel to the magnetic field has lower energy
and less decay rate (hence higher tunneling rate) in barrier
region than that of particle with spin antiparallel to the
magnetic field. The advantage of the device is that both
the spin and charge currents are controllable by adjusting
of the magnetic field.

The system we examine is schematically shown in Fig-
ure 1 which consists of a double-quantum-dot (DQD) fab-
ricated in two-dimensional electron gas and each quantum
dot (QD) is contacted by an electrode. The two electrodes
maintain a difference of electrochemical potential pp—
ur =V > 0i.e. a bias voltage to generate the charge cur-
rent. There is no magnetic material involved in our device.
We control the QD ’s energy levels by an overall gate volt-
age Vg. A controllable external magnetic field B is applied
in the barrier region (perpendicular to the QD plane) be-
tween two QDs in order to generate the imbalance tunnel-
ing probabilities between spins parallel and antiparallel to
the magnetic field as demonstrated earlier. Moreover the
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weak coupling between two QDs is assumed to be time-
dependent driven by a time-oscillation microwave field.
2 Model and formulation

Our system of DQD coupled to two leads is described by
the following Hamiltonian:

H = Hpqp + Hr + Z H, (1)
a(a=L,R)
with
Ha = ZEkacgjcwckaa; (2)
ko
Hy =Y (TraCyypdao + He), (3)
kao

Hpgp = Z Eaodlydos

oo

+ Z (gesignaAEeiwtdzrngg + C.C.) ) (4)

H, (a = L, R) describes the non-interacting left and right
leads. C,jw (with 0 =1, | ) is the creation operator of elec-
trons with momentum k and spin index o in the lead-a.
H7 denotes the coupling between one of the DQD and the
adjacent lead with coupling matrix elements Ty.. Hpqp
models the coupled DQD, in which each QD has a single
level € = g + eV, which is double degenerate in spin in-
dex o and can be controlled by the gate voltage V;, where e
denotes the absolute value of electron charge. d,, denotes
the annihilation operator of electron with spin index ¢ in
the dot-a.. The coupling between DQD with coupling con-
stant g is modulated by a time-oscillation microwave of
frequency w. An external magnetic field B is superposed
on the tunnel junction such that the tunnel coupling is
modified by a factor e*9"?4F (signg = 41, for 0 =T, |
respectively). The small parameter AFE is proportional to
the magnitude of the external magnetic field. It is obvi-
ously that the factor leads to a slightly higher tunneling
rate for spin parallel to the magnetic field (signo = +1)
than antiparallel case (signo = —1).

In the following, we study the spin-dependent quan-
tum transport using the standard keldysh nonequilibrium
Green’s function (NEGF) technique [9,10] in terms of
which the spin-dependent current can be evaluated ex-
plicitly. To this end we define the spin-dependent current
operator [5] in the lead-« as

diC . Crao'] 1 N
) = oo oo —— , H
Jaaa ; dt il ;[Ckaackaa’ ]’ (5)

and then the current operator from the left contact to the
left dot is seen to be

=t Z[TkLCI:—LadLa' - TI:Ldj;raCkLa’]- (6)
k

JLo’o"
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The electric current operator is defined by [5]
Jrg=—¢Y_ Jrea = —e(Jriy +J1y), (7)

and the spin-current operator with spin component o is [5]

1 z
JLs:QZJLUUIO.O'O" (8)

where o* is Pauli matrix.
The spin-dependent current can be computed from
current operator equation (6)

ILo’a/ (t) = <JLO'O'I (t)> - - Z[TkLsz’gg’ (t7t)

k
S TG (D] (9)

where the nonequilibrium Green’s functions (NEGFs) are
defined as

GZk,U/O'(t’ tl) = Z<C/;‘FLU (t/)dLo'l (t)>7

G:L,a'a(t’ ¢ ) = Z<d20(t )CkLa’ (t»
For the case of noninteracting leads, a general relation
for the contour-ordered Green functions G, . (t, t') be-
tween the left dot and left lead can be derived rather easily
either with the equation-of-motion technique or by a di-
rect expression of the S matrix [9] and the result is

Glroo (t1) = Z/dthLL,az(t,tl)T,:LgkL@/ (t1,t).
g

(10)

Using the set of operational rules given by Langreth [11]

that if one has an expression for Green functions such that

A = [ BC on the contour, the retarded and lesser Green
functions are given by

ATt t) = /dtlB’“(t,tl)C’“(tLt')
and
A (t,1) = / at B (1,4)C= (b, t) + B=(t,4)C (11, )]

respectively, we can write the lesser Green’s functions as
G () = X [ AT (Gl o lts1)55 (01
g

+ G pg(tit)gly Lo (tt)] (11)

<
GkL,a'o’

(t,t) =~ [sz,aal}

- Z/dtlTkL {g;Lya,g(t:tl)G%Lﬂg(tl,t)

+gl:L,o"g(tl’tl)GzL,go’(tlat)} . (12)
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where the superscript a denotes the advanced Green
function.

Using equations (11, 12) the particle current defined
by equation (9) is seen to be

t
Low® == [t Y (Gl oult:t) 27, (11
2 .

+ GEL,Ug(t’tl)Za (tl’t)

Lo’o’

- Z< ’g(t7 tl) LL,ga(tlﬂ t)
22 g’g(tatl)GZL,ga(tlat)}v (13)
where
27 ot =Y TuTipg), o (tita)  (14)
k
is the self-energy with v = r, a, < respectively.
The time-average current is
1 N, t
: <

Lo =3 /_ L /_ 0 G (007, (0.1)

HGFp gt )52 (1, 1) + c.c.} (15)

where the integration duration is [—-N;,N;| with
N, — oco. With the following double-time Fourier trans-
formation

dE; [ dE
V(ty,tn) = / 1/ 2emiBiitiBt V(B | )

(16)
the average current equation (15) becomes

dFE7 dE2
"= 2N / / LL,UQ(E17E2)

L,oo

= GlLoo(Er, E2)|XT (E27E1)
+ Gl oo(B1, E2)[2] 0 (B2, E)
= X7 oo (B2y B} (17)

Under steady-state conditions the self-energy functions
are purely diagonal in energy space and we obtain from
equation (14)

2—<

L,oo'

((By, Ey) = 2mi(Ey — Eo) I (Ey) fL(E1)6,, - (18)

The matrix I',(E) denotes the line-width function de-
fined by
Iy (E) = 2mpr(E) [Ter (B)), (19)

where pr,(E) is the density of states in the left lead, and
fa(B) = {exp[(E — pa) /kT] + 1}

is the Fermi distribution of the lead-a.
Substituting the self-energy function Z;W,

(20)

(E1, E»)

given by equation (18) into equation (17), the current from
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the left lead flowing to the DQD is obtained as
dE1
/ (Er, E
L,o’o’ 2N / 1 1)
-G (En, El)] LI'o(Er) fu(Er)
+GZL,M’(E1’E1)FL(E1)}' (21)
In the steady state [9] the current is uniform such that
I = IL = —IR and
I —
ol Ir
2

where Ir denotes the current from the right dot flowing
to the device. The particle current through the device can
be written as

dFE7

Lo = g | SRR = TR(BIGE, (B )
+ [fL(EV)IL(Er) — fr(E1)TR(E))
X [GZU/ (El, El) — GZ'O'I (El, El)]LL~ (22)

Using the identity of the Green functions between two dots

(G" = G")ij = =G I'LGY; — G RGE; (23)
where i, j = L, R and keldysh equation
Gfk:GgLEfG kTG rXRGY (24)

we obtain spin-dependent current

dE1 dEg

I/:

oo

(I'L(Er) — I'r(E1))

x[GLr Ual(El’EQ)FL(EQ)ZfL(EQ) T1.ovo (B2, E1)
+ GLR,oo (B1, B2)TR(E2)ifr(E2)

X Ghp oot (B2 E1)| + [TL(Ey) fL(Er)

— I'r(E1) fR(EV)|[iGLL oo, (E1, E2) L (E2)

x G¢ (B2, Er) 7Z.GER7O.O.1(E1,E2)FR(E2)

LL,oc1o’
x G¢ (EQ,El)].

RL,o10’

(25)

Thus the current of spin parallel to the magnetic field is

dE dE
ITT—4N/ 1/—2FLfLE2)

— fL(BEDGL L 11(Er, E2)GYp 11 (B, Er)

+ G (B, E2)GLp 1(EBa, Bl + IAlfr(Ey)

— fR(ER)|[GL R 11 (E1, E2)GRp 11 (B2, Er)
+Glpq (B, E2)Gy 1 (B, B1)] + T TR[fR(E?)
— fL(ED)[GLR 11 (B1, E2)GRyp 11 (B2, Er)

+ GLr 1 (B, E2)GRy, 1 (Bay En)] + T Tr([fR(E1)
— fL(BR)][GLL 11 (Br, B2)GY g 11 (E2, En)

+ G (B, E2)Gry 1(Be, By, (26)
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and current of spin antiparallel to the magnetic field is

dE dE
N, / 1/—2FLfL Ey)

= fL(BV|GLL, (B, E2)GYy | (B, EY)

+ G 1 (B, Bo)Gry 4 (Bay Ev)] + IAfr(Er)

— fR(E2)|[GL R, (B, E2)GRy, | (B2, E)

+ Grp 1 (B, E2)GRy 1 (Bay Ev)] + T ITr[fr(E2)
(

I, =

:
— fL(BE)GLR, (B, E2)GRy, | (Ba, EX)
+ G, 1 (B, B2)GRp g (B2, B1)] + Tt Ir[fR(E)
— fL(BR)][GL, (B, E2)GY L | (B2, E1)

+ G 1(Er, E2)Grp g (Ba, E1)].

]
]
(27)
Here we take the wide-bandwidth approximation, under
which the line-width I'y(I'g) is independent of the en-
ergy [12,13] e. Therefore the transport problem is re-
duced to the calculation of the retarded Green’s func-
tions G’L'L’M, (E1, E2), G’L'R o (E1, E3). To this end we
regard the term, which explicitly depends on time t, in
the Hamiltonian equation (1) as the interacting part H;

such that Hy = H — H;. The Green’s functions for the

Hamiltonian Hy denoted by G%TL,O' (), and G%R 2o (8)

can be easily obtained in terms of the equation of mo-
tion as

6
Qo =297 28
LL,oo’ /(€) €—¢crot+35lL (28)

T 50’0”
G(I)%R,O'O'/ (E) = (29)

€—€Rro+351R

The full Green’s functions for Hamiltonian equation (1)
are then calculated from the Dyson equation

GT o' (El, EQ) = 27TGOT (El)(S(El — EQ)

LL, oo’
/ oo (B B+ E2) i (B)GY, (Es),
(30)
with
GZR oo’ (El,Eg) = / dEGLL oo (El,E—i— Eg)
X ELR,alag( )G%Rg o ((Ea)  (31)

where the retarded self-energy X7 5 . (E) is the Fourier
transformation of X7 p .  (t) which is seen to be

ZER,(HUQ (t) = [ZIT%L,O'10'2 (t)]* = gesignalAEeiwt50102
(32)
and
XlLoios(t) = LRR o0, () = 0. (33)
The Fourier transformation is obtained as
EER,alaQ (E) = 271-5(E + w)gesignalAE50102 (34)
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and
S L 010y (B) = 200(E — w)ge® " 2E 5, . (35)

Substituting equations (31, 34, 35) into equation (30) the
retarded Green’s functions in the left dot can be obtained,
after tedious but straightforward algebra, explicitly as

G 11(E1, BE) =

27T(5(E1 — EQ)G%TLJT(EI) (36)
1~ (9e2E)2GY R 11 (B2 + w)G%TL,TT(EQ)’
GEL,ll(ElvEﬂ =
218 (E1 — FEy)GY E
o ( 2) LL,u( 1) (37)

1- (gefAE)QG%R,u(E2 + w)G%TL,u(Eﬂ’
and
Grp 1 (B, Ee) =Gy 1(E1, Ea) = 0.
The Green function between two dots is evaluated from
equation (31) and the result is
GER,TT(EM E2) -
210(En — By + w)ge® PG 11 (B2) Y 11 (Er)

(38)
1 - (Q@AE)QG%R TT(EQ)GLL TT(E —w)
for the spin parallel to the magnetic field and
Grp (B, Er) =
21d(E1 — By + w)ge™ AEG%R ll(E2)GLL ll(El) (39)

1 —(ge=2E)2GY, ll(EQ)GLL u(E2 w)

for the spin antiparallel to the magnetic field. There is no
spin flip through the tunnel junction i.e.

LR (B, B2) = Gp (B, Ba) = 0.

We finally obtain the spin-polarized currents from equa-
tions (26) and (27) as

1 [dE
Ii=- | =
n 2/27r

2
(9€AE)2 ‘G(I)-{R,TT(E + w)‘ ‘G%TL,TT(E)

(40)

TA[fr(E) = fr(E + w)]

X

1= (92226 11 (B + w)GYy 4 (E)
+ I IR fR(E + w) — fL(E)]
2 2
(QGAE)Q ‘G(I)-{R,TT(E + w)‘ ‘G%TL,TT(E)‘

X

2
‘1 — (9e2E)2GY TT(E +w)GY, TT(E)‘
+ILlr[fR(E) = fL(E)]
GO 1 (B)

‘1 — (9e2F)2 Gy 1B+ w)G%TLm(E)

‘ 2

X ‘2 (41)
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and

1 [dE
I, =-
H 2/27r

2
(9e~2E)? |Gty (B + )| |G, (B)

TAfr(E) = fr(E + w)]

X
1= (gem 2P PG, (B +w)GY  (E)

+ I IR[frR(E +w) — fL(E)]

2
(9e=2F)? |Gl (B + )| |Gy, (B)
X

1 (e 28260, | (B + w)Ey, |, ()]
+ Ty Talfn(E) - f1(B)]
G, (B)

‘1 - (ge_AE)QGCJ){R,u(E + w)G%TL,u(E)

:

X

‘2
(42)
where we have used the identity 27§(0) = [dE = 2N,.

From these two equations (41, 42) one can conclude that
the charge current is given by

Iy = —e(lyy +11)) (43)
and the spin current is
1
L =5 (I = Iyy). (44)

3 Numerical results

We consider the symmetric coupling barriers for the sake
of simplicity i.e. I',(E) = I'r(E) = £ and further as-
sume that the gate voltage V; controls the energy level of
the quantum dots such that e (V) = er(Vy) = (V) =
€0 + eV, where g¢ denotes single-electron energy in the
left and right QDs without the gate voltage V;;. The cou-
pling constant I" is chosen as the energy unit. We also set
h = e = 1. Figure 2 shows the charge current I, (Fig. 2a)
and the spin current I, (Fig. 2b) versus the magnetic
field-dependent tunneling-parameter AFE at zero temper-
ature T = 0. Similar results are obtained at low temper-
atures [14]. Other parameter values used in Figure 2 are
such that yy =10, =0,V; =6, w=10and g =0.1. It
is clearly shown that the electron with spin parallel to the
magnetic field has lower energy in the barrier region and
hence the higher tunneling rate (current). The situation
is just opposite for the electron with spin antiparallel to
the magnetic field. Therefore, the spin current increases
with the magnetic field. The total current I, decreases
slightly with the increase of AE. The polarizability I,/1,
as a function of the parameter AE is shown in Figure 2c.
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Fig. 2. The charge current I, (a) and spin current I (b) versus
the coupling AF for a symmetric structurelr, = I'r = g with
energies measured in unit of I (ur = 10,ur = 0,V, = 6,

w =10, g = 0.1) and polarizability §—§ (c).

Figure 3 displays I, (Fig. 3a) and I, (Fig. 3b) as a
function of gate voltage V, with different external bias
V = ur —pgr. We can see that the resonant charge current
I, varies from zero to large values under the control of the
gate voltage V. The maximum charge current in the plot
extends to a plateau with the corresponding range of gate-
voltage values from V, = pr, to V; = pg. While resonant
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o o o

Charge Current Ig4

o

Spin current

Fig. 3. The charge current I4(a) and the spin current I (b)
as a function of gate voltage V; at different external bias V =
pur —pr with AE = 3.0; V =10 (uz = 10, ur = 0) (solid line),
V =7 (ur =10, ur = 3) (dotted line) V=4 (ur = 6, ur = 2)
(dashed line).

spin current I has a peak at gate voltage values V, = ur,
R respectively.

Figure 4 depicts the charge current I, (Fig. 4a) and the
spin current I, (Fig. 4b) as a function of frequency w of
driving field at zero temperature [14] with different gate
voltages and g = 0.1, AE = 3.0,ur, = 10,ugr = 0. We
observe, perhaps, a most interesting phenomenon of reso-
nance that both the charge current I, and the current I14
with spin parallel to the magnetic field display a minimum
at the certain value of field frequency. We may call this
antiresonance as resonance-block since at the resonance
frequency the oscillating probability current of electron
between two QDs reaches the maximum value [15] and
therefore the transport current is suppressed dramatically.
The spin current I has a maximum value at the resonance
frequency due to the imbalance variation of the currents
I11 and I}). This resonance-block phenomenon may have
technical applications in electronic devices, for instance,
to make an frequency (of driving-field) controlled switch
for both spin and charge currents. It may be useful to
estimate the practical value of magnetic field for genera-
tion of the spin current in our system. For the tempera-
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Fig. 4. The charge current I; (a) and the spin current Is (b)
as a function of frequency w at different gate voltage with
AE = 3.0, V; = 3 (dotted line) V; = 5 (dashed line).

ture scale kgT = 0.01 meV [14,16] and coupling constant
I' =10 peV as in typical QD experiments, the magnitude
of magnetic field is B ~ 0.16/gg tesla where gq is effective
electron g-factor.

4 Conclusion

In summary, we have proposed a new type of device to
generate the spin-polarized currents which are controllable
by the external field. It is demonstrated that the spin-
polarized current can be produced by a static magnetic
field applied in the tunneling junction region unlike the
usual device where a rotating field is required to cause the
spin flip. A general formula for the charge and spin cur-
rents flowing through such a device is derived using the
NEGF method and the spin polarized currents as func-
tions of gate voltage, the frequency of driving field and
the magnitude of the magnetic field are studied explicitly.

This work was supported by National Natural Science Foun-
dation of China under Grant Nos. 10475053.
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