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Pumped spin and charge currents from applying a microwave field to a quantum dot
between two magnetic leads
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The evolution-operator approach is applied to studying photon-electron-pumping effects on a quantum dot
connected to two magnetic leads in the presence of both via-dot and over-dot tunneling channels. It is found
that a microwave field applied to the quantum dot may give rise to charge and spin pumpings at zero-bias
voltage for asymmetric magnetic junctions. More interestingly, a pure spin current can be pumped for sym-
metric magnetic junctions in the antiparallel magnetization configuration, providing an idea for the design of

spin batteries.
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Charge and spin are two elementary degrees of freedom
of an electron. While traditional electronics is based on the
charge degree of freedom, the new and emerging technology
of spintronics'? strives to utilize not only the charge but also
the spin degrees of freedom for electronic applications. For
spin-polarized currents, if the spin-up and -down currents are
along the same direction, the charge current is always greater
than the spin current. If they have opposite directions, the
charge current is smaller than the spin current. Recently,
there has been much interest in the generation of a pure spin
current without any net charge transport, for which many
proposals have been made by means of spin batteries.>® The
spin battery is the analog of a charge battery in conventional
electronics, but may have either one or two poles.9 The di-
pole spin battery”® is of particular interest because it can
complete a spin-current circuit.

The coherent transport of electrons under the influence of
time-dependent external fields has attracted increased interest
due to the rapid development of fabricating nanoscale de-
vices. The photon-assisted tunneling through a small quan-
tum dot (QD) is an inelastic tunneling process with electrons
exchanging energy with the oscillating field.'” In the system
where a QD is coupled to left or right leads, cyclic gate
voltages applied to the QD and/or the microwave radiation
on one lead can produce photon-electron-pumped current.
While earlier studies of the QD-based pumping effect fo-
cused on the charge pumping,'! these have been recently
extended to the QD-based spin pumping.'>~!5 Theoretically,
Mucciolo et al.'?> proposed that a QD-based charge pump,
consisting of an open QD driven by two ac (radio-frequency)
gate voltages, can function as a phase-coherent spin pump in
the presence of sizable Zeeman splitting. Experimentally,
Watson et al.'® demonstrated a mesoscopic spin pump using
an ac-driven phase-coherent QD in a Zeeman field, including
the ability to pump pure spin without any charge current.
Most of the QD-based spin pumps were designed by use of
nonmagnetic systems plus the Zeeman field, although a mag-
netic tunnel junction (no QD) by means of adiabatic quantum
pumping was studied very recently.’> The QD-based spin
pumping has not been seriously investigated until now in the
magnetic systems. At the same time, it is highly desirable to
design a device with structure as simple as possible to con-
struct a spin-pumped battery.

1098-0121/2008/78(15)/155327(6)

155327-1

PACS number(s): 73.23.—b, 85.75.—d, 72.25.Pn

In this work we propose a scheme of the dipolar spin
battery that consists of a common magnetic tunnel junction
with a QD subject to microwave field. For asymmetric tun-
neling probabilities for the spin-s electronic channel between
the QD and two leads, the microwave field applied to the QD
can induce a difference in the chemical potential between the
two leads. If a via-dot tunneling channel is present, as mod-
eled on an external circuit, a spin-s current will tunnel from
one lead to the other even at zero-bias voltage. In the anti-
parallel (AP) magnetization configuration, the spin-up and
-down-pumped currents will flow in opposite directions, so
that a pure spin current may be generated without any charge
current.

Consider a magnetic tunnel junction with a QD subject to
a microwave field and connected to two ferromagnetic me-
tallic leads. There is an over-dot tunneling channel between
the two leads as well as a via-dot channel between the QD
and leads. The system can be described by Hamiltonian H
=H0(t)+V, with

Ho(t) =2 8kas(t)al.r(asakas +&4(1)ajhag,, (1)
ks

_ i i
V= 2 Vkadakasads + 2 VkLkRakLsakRS +H.c. (2)
ks Kk kgs

Here the operators a; | (ay, ) and a}, (ag,) are the creation
(annihilation) operatogs for the spin-s electrons in lead «
(a=L,R) and in the QD, respectively. &k =&k, —SM,, with
M, as the magnetization of lead @ and s=1 (—1) for the spin
parallel (P) (antiparallel) to M. ,4(f)=g;+A, cos wt, where
g4 is the single energy level of the QD, and w and A, are the
frequency and amplitude of the microwave field applied to
the QD, respectively. The Coulomb interaction on the QD is
not considered here, but it does not change the qualitative
result of this work. Vi a is the tunneling coefficient for elec-
tron tunneling between lead « and the QD, and Vi kg is that
between the left and right leads.

The time-evolution operator U(z,0) is used to describe the
dynamical evolution of charge and spin currents. In the in-
teraction picture, U(z,0) satisfies the following equation:

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.155327

ZHOU et al.

iho%U(t,O) = V() U(1,0), (3)
where

V(1) = Uy(1,0)VU(1,0),
with

Uo(t,o) =T eXp[lJ dtlHo(tl)].
0

It has been assumed here that V d—O and V, [ =0 before
time r=0 and are constant interactions after tlme t=0. For
simplicity, we set A=e=1.

By use of the time-evolution-operator approach,'®-'® the
tunneling current through the QD can be obtained in terms of
the appropriate matrix elements of U(¢,0). The number of
the spin-s electrons in the left lead is given by

an(t) = E nkLs(t)
kp

-3 [ndsm)wi;d(r,onz + 3 1, (O U3, (10)

kp, qa.
+ 2 ()| Ui i (1 O) 4)
kg
where
U, o(1.0) = (5| U(2,0)|ds),
UiiLqL(l, 0) = <kLs| U(t’ O)|qu> s
and

U 1 (1.0) = (k5| U(2,0)Kegs)

stand for the matrix elements of U(z,0) with |k;s),
(|kgs)), and |ds) as the electronic wave functions of the left
(right) lead and QD, respectively. n (0) and ny NY(O) are the
initial occupation numbers of the corresponding single-
particle states. The spin-s tunneling current from the left lead
into the QD and the right lead can be obtained from the time
derivative of ny (1), j,(t)=—dn;(¢)/dt. In order to get j(7), it
is necessary to calculate the matrix elements of U(z,0) that
appear in Eq. (4). Following the time-evolution-operator
approach,'®~!8 we can get coupled integro-differential equa-
tions for these matrix elements. Under the wide-band-limit
(WBL) approximation,'®-'® after a lengthy calculation, the
required matrix elements of the evolution operator are ob-
tained as

t
Uy, d(1.0) = - FRSJ diy Vi, o(t)exp(= City),
0
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Ug,q,(:0) = 8,q,
| mVig/Br, OXPLiler, s~ £q,)1] - 1

1 +X2 i(SkLs_ squ)

t
_FRsJ dllVliLd(tl)UfiqL(tlsO)s
0

t
Uf(LkR(tsO) = _FRsf dth‘liLd(tl)Ufij(tl,O)
0

VLR exp[i(skLs - SkRs)t] -1

2
1 + X SkLs_ SkRs

with

t
Uflka(t’o) == Fasf dr vliid(tl)exp[_ Cyt—1))],
0

Vf(ad(t) =V exp[it(skdy —g,) — A, sin wi/w)].

Here

Foy= (i + 35V V2)I(1 + X7)
and

C,= (FL+FR —ixvIy Iy )/(1 +x%),
with

) S
X =\ RViRl QVEaVra)

FZZZ’JTV!ZM/ B, denoting the spin-s linewidth function of
lead «, and B, as the effective bandwidth of spin-s electrons
in lead « or the inverse density of states 1/p,,. It has been
assumed that Vi A= Vad and Vi, = Vir with a=L and R,
independent of k.15'8 The hybrldlzatlon matrix elements V, 5
responsible for the direct tunneling channel, as well as I'%, for
the tunneling channel between the QD and lead «, play an
important role in the pumped charge and spin currents.

Substituting these matrix elements of U(z,7,) into Eq. (4)
and using j(1)=—dn; (t)/dt, we can get the tunneling current
Jjis(t) in an analytical form.!*~'® Under the assumption of
Via=Vga' the spin-s tunneling current j (f) at zero-bias
voltage and at zero temperature is obtained as

al V2
j0) = %(r Ty
X [|DL.S(89I)|2 - |EL.Y(8’I)|2]d8’ (5)

-0
where

DLs(87t) == lf exp[i(t - tl)(s - 8d)

0

— A (sin wf - sin wt))/w— C(t—1))]dt,,
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FIG. 1. Spin current J, (dashed line) and charge current J, (solid
line) as functions of the QD energy level g, in the AP magnetization
configuration with £=0.5, V; =10, V;,;=Vr,=4, A;=4, and w=1
with I'; =T"x,=1 as the unit of energy.

t
E (&)=~ if expli(t—1))(e —&y) = Cy(t = 1)) ]d1y,

0
with I';=I"; +I'. Here the asymmetry of I'; and I'} arises
from the difference in the spin-dependent density of states
pas between the left and right leads, resulting in nonzero
pumped j (7). In the case of I'; =I"%, j(¢) is always vanishing.
On the other hand, since j(r) « V> a nonzero over-dot tun-
neling probability is necessary for a nonzero pumped current

to be obtained.
In the present work we focus our attention on the time

average of j () at zero temperature. Since j(¢) is a temporal
periodic function with period 27/ w, its average can be de-
fined as

7w

Jrs(t)dt.

—-mlw

Gln =7 ©)

In the expression for D (e,1), exp(—=A, sin wf,/ w) can be ex-
panded in series in terms of Bessel functions. After perform-
ing all the integrals over times and energy, we obtain the

time a\/erage Spin-s tunneling current as
( )
w

2 l-w v
<js(t)>_ 2 ( 2)'; 2 |:
Xarctan[2(wm + 7)(1 + x*)/T,], (7)

( m=—w

with
n=e4—p— N[ TR/(1+ %)

and J,,(A,/ w) as the mth-order Bessel function. The deriva-
tion of Eq. (7) from Eq. (5) is given in the Appendix. Equa-
tion (7) is one of the main results of this work. At zero-bias
voltage, we obtain the pumped charge current as J,.={j;(¢))
+(j,(r)) and the pumped spin current as J;={j;(1))—(j,(1)). It
follows from Eq. (7) that at least three factors are necessary
to give rise to pumped currents. The first factor is the pres-
ence of the over-dot tunneling channel (nonzero V), for
there is a prefactor x> proportional to V2, in Eq. (7). The
second one is the presence of the microwave field applied to
the QD. If either A;=0 or w=0, there would be a vanishing
(js(#)) in Eq. (7). The third one is the asymmetry of I'; and
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FIG. 2. Spin current J; as a function of polarization & for QD
energy level ;=2 (solid line), 0 (dashed line), and —2 (dot-dashed
line) in the AP magnetization configuration. The other parameters
are the same as those in Fig. 1.

Iy, for (j,(¢)) is proportional to the difference between them.
If both magnetic leads are made of the same ferromag-
netic metal (p;,=pg,) and they are symmetric about the QD
(Vig=Vga), we have I'; =Ty with ' ,=T"| +T"\. In the P mag-
netization configuration, I';=I"; so that there is neither
charge pumping nor spin current pumping. A most interest-
ing result can be obtained in the AP case, in which FT 1“l
and Fi—f‘T In this case, we obtain (j;(1))=— Ol(t» propor-
tional to I‘T Fi, so that there is a pumped spin current J,
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FIG. 3. Spin current J; as a function of the QD energy level g,
in the (a) P and (b) AP configurations with I';=2 and I'y=1. The
other parameters are the same as those in Fig. 1.
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even though the net charge current J.=0. In the present de-
vice, such a pumping of the microwave field can result in a
pure spin current, providing an idea for the design of spin
batteries. In what follows we present some numerical results
to show the physical picture of J,. We define the spin polar-
ization of two ferromagnetic leads as é=&,=|p,;—pa)l/pas
with p,=pa1+p,|. so that we have p,=p,(1+s&) in the P
case, and py,=p;(1+s&) and pg,=pr(1-s&) in the AP case.
Figure 1 shows pumped spin current J,/J, varying with en-
ergy level g, of the QD, where Jy=el'x/%. It is found that J
is an antisymmetric function of e, since J; remains un-
changed in magnitude but changes its sign when 7 in Eq. (7)
is replaced with —#. It then follows from =0 that the anti-
symmetric center of J; is at &,=pu+x\VI3%/(1+x%). On the
other hand, the variation in J; with £ is nonmonotonous, as
shown in Fig. 2. This behavior is the result of competition
between two factors. The prefactor of Eq. (7) contains a
product of I';=T"; and X°, the former increasing linearly with
¢ and the latter being proportional to 1 —&. As a result, the
maximal J; should be around f:\f 1/3, consistent with that
shown in Fig. 2.

If the left and right leads are made of different ferromag-
netic metals (p;,# pg,), we have I'; #['; and I'; #I';%, so
that there is a pumped charge current, in either P or AP
configuration, which is spin polarized. We also present some
numerical results of J; and J.. The parameters used are the
same as in Fig. 1 except that I';=2 and I'y=1 are taken.
Figures 3(a) and 3(b) show J; (J.) as a function of &, in the
P and AP configurations, respectively. In the P case, since
(Jj1(#)) and (j (1)) are along the same direction, J, is greater
than J; in magnitude. In the AP case, the situation is just the
opposite since (j;(¢)) and (j|(¢)) have different directions.
For nonmagnetic leads, provided that p; # pg, the pumping
of the microwave field applied to the QD can result in a
charge current, forming a charge battery.

Finally, we wish to discuss the physical mechanism of the
photopumped charge and spin currents in the absence of ex-
ternal voltage applied between two leads. The microwave
field applied to the QD is the power supply source, which
can result in a small difference in the chemical potential
between the two leads of the magnetic tunnel junction. This
potential difference arises from the asymmetry of FE#F}Q,
no matter whether the over-dot tunneling exists or not. For g,
below wu, the electron occupying the &, level of the QD may
tunnel into two leads under the action of the microwave field.
Owing to asymmetric I} and I%, the probabilities for the
spin-s electron to tunnel into the left and right leads are
different, leading to a small difference in the chemical poten-
tial between the two leads. If g, is above u, there is no
electron on the g, level. This situation can be regarded as a
hole occupying the g, level of the QD. From a similar analy-
sis, it follows that there exists a small difference in the
chemical potential between the left and right leads, which
has a sign opposite to that in the electron case. This can
explain why the pumped current exhibits antisymmetric be-
havior with respect to g,=u+x\I3T%/(1+x?) in Figs. 1 and
3. For V=0, the present junction is an open spin battery, in
which the two leads have spin-dependent potential differ-
ence, but the pumped current is absent (J,=J,.=0). The role
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of the over-dot tunneling is to provide a passageway of spin
currents for the spin battery, like an external circuit of a
common battery. In the presence of an over-dot tunnel chan-
nel, a pumped spin and/or charge current would be formed
from the higher chemical potential to the lower one. As a
result, the over-dot tunneling is necessary to obtain the tun-
neling (spin or charge) current, rather than the spin battery
effect.

The idea of forming a spin battery is especially interest-
ing. Such a spin battery is simply constituted by a magnetic
tunnel junction with a QD subject to microwave fields, in
which spin polarization ¢ of the magnetic leads does not
need to be very high. Since a symmetric structure has been
assumed (i.e., I} =T}, and T’} =T'}), the antiparallel magneti-
zation configuration of the two leads is necessary for obtain-
ing the spin battery effect. At the same time, the two leads
must be ferromagnetic. If spin polarization £=0 (nonmag-
netic), there is no spin battery effect. On the other hand, for
&=1 (half metallic), there is a maximal spin-dependent po-
tential difference, but there is no spin current in the two
spin-channel model without spin flip. In both cases, J,=0 as
shown in Fig. 2. For 0 <&<1, the competition between the
two factors results in a nonmonotonous change in J, with &
in Fig. 2. The proposed spin battery for producing the spin
current should be experimentally feasible using the present
technology. First, the QD structures can be fabricated in
laboratories. Second, the microwave-pumped quantum trans-
port measurements have already been reported. In particular,
the microwave radiation on the QD device has already been
carried out experimentally.”’ In the present calculation I'g
=1 meV and w=1 are taken so that f=w/27=250 GHz,
which is in the microwave range. The maximal spin current
in Fig. 1 is equal to about 0.01el'z/A=2.5 nA.

In summary, we have studied charge and spin transport
through a QD subject to a microwave field and coupled to
two magnetic leads in the presence of the over-dot tunneling.
The time-dependent tunneling current and the average tun-
neling current are obtained by the evolution-operator ap-
proach. It is found that at zero-bias voltage and in the AP
configuration of the magnetic junction, the microwave field
applied to the QD can give rise to a pure spin current. This
result can be used in designing an alternative type of spin
battery.

This work was supported by the State Key Program for
Basic Researches of China under Grants No. 2006CB921803
and No. 2004CB619004, and also by the National Natural
Science Foundation of China under Grant No. 90403011.

APPENDIX: DERIVATION OF EQ. (7) FROM EQ.
(E))

Starting from Eq. (5), together with the expressions for
D, (e,1) and E;,(e,1), and using the relation exp[ix sin ¢]
=3 J(x)expline], we have
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|DL5(89Z)|2 = DLs(sst)D*Ls(s’t)

W A ! ry2
=exp[ ] > J,l(—d>f exp[ N, +—— tI]dtl
L+ | \w/Jo 1+)°

= ! ry2
X 2 J ( )J eXp|: —iAm+ t2:|dt2
m=—o 0 1 + Xz
00 +00 .
Ay Ay expli(n — m)wt]
-3 (MY ,
® ry2 ry2
—iA, + A, +
1+)° 1+
VI

1+

In the last step of the above calculation, since some terms tend to zero for — o, they have been omitted. From Eq. (6), the
time average of |D,(e,1)|*> can be obtained as

= A /@ w exnli(n — o
(D)= X 2 J ( ) ( d)f expli(n — m)wt] y
-7 w

M=—00 p=—0 w FS/Q. FY/Z
27| —iA,, + i\, +
1+ 1+

S,

mn

m=—o0 p=—0

where

A, =nw+eg;—e-

+oe 400 Ad
=00 =m0 1) 1) ry2 ry2
—iA, + i\, +
1+ 1+
+00
_ Jz( &) v
n=—0o0 w 2 FY/Z 2
A+

1+)(2

[
\!

By the similar approach, the time average of |E(¢,#)|* can be obtained as

1
E, (e)))=———.
<| L_s(“3 )|> ) ( FS/Z )2
A+ 2
1+x

Substituting the results for {|D,(e,1)|*) and (|E,(¢,1)|?) into Eq. (6), we obtain the time average of j(¢) as

ol H al’ A
G,(0) = %(r T | (D0 = | Ene.n)de = LWVG R>_E [ mo—fz(;)]

2)( Iy -

A
a(l+ Xz)g 2 [ ( wd)}arctan[z(wm + )1+ AT,

m=—o

X{arctan[Z(wm + )1+ xHIT,] - g} =

which is just the result of Eq. (7). Here the relation =~ [ 8, Jz( ")] 0 has been used.

m
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