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We have studied the dynamical behaviours of two electrons confined in a double quantum dot driven by rotating

magnetic fields in terms of the theory of Lewis—Riesenfeld Hermitian invariants for the explicitly time-dependent Hamil-

tonian. The coherent spin oscillations in the dot provide a generation source for spin current. Exact solutions obtained

allow us to investigate the dynamical properties of the spin localization for various initial localized states.
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1. Introduction

Spin-polarized transport through a quantum
dot (QD) has been extensively investigated rec-
ently.1 73] Tt has been shown theoretically [*° and
demonstrated experimentally [¢! that a QD system will
function as a phase-coherent spin pump in the pres-
ence of sizable Zeeman splitting. A QD-based spin
battery device has been proposed by use of a com-
bination of a vertical magnetic field and an oscillat-
ing electric field.l”l Very recently, spin-polarized cur-
rent has been detected from a quantum point contact
(QPC) ¥l and from Coulomb-blockaded QDs.[?l The
effect of Kondo resonance on the charge current has
been well studied in a QD,1% its influence on the spin
current and spin detection has also been investigated

recently.[11]

In this paper, we describe the dynamical spin lo-
calization of two interacting electrons confined in the
double QD driven by two rotating magnetic fields.
The single-electron levels in the dot are split by an ex-
ternal magnetic field By, (e;+—e;, = gusBo (i = 1,2)),
where g is the effective electron gyromagnetic factor
and pp is the Bohr magneton. The two spin levels
(es4 and e;) are coupled by a rotating magnetic field
(Bj coswt, By sinwt), applied perpendicularly to the

field By. The Hamiltonian seen reads as

. P2
H(t)=Y" [ﬁ +V(z— X)
k
+ gupBi (e™'ST +e7'S7) — gup By S,

where k=1, 2 is the serial number of the QD. We use
a two-site model of Hubbard-type to describe the dy-
namical system, which allows us to easily include the
important effects of the electron correlations produced
by the Coulomb interaction. With the time-evolution
operator obtained by means of the generator of time-
dependent SU(2) spin coherent states, we are able
to derive the analytic time-evolution formulae of spin

current between the two QDs for various initial states.
2.Model and method

After a second quantization the model Hamilto-

nian under consideration can be written as

IA'I(t) = Z 2Ek,aﬁk,a
k,o

+ 23 (af yan e +H.C.)
k
+ Y o (Uaf ar0 +H.C), (1)

where o is the electron spin, 1 and | are used to indi-
cated the up-spin and down-spin; &;: o (ko) is the cre-

ation (annihilation) operator for an electron of spin o
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on dot k; the time-dependent terms describe the cou-
pling between QD spin states |k, 1) and |k, ]) by the

rotating magnetic fields, and

2 = gupBu;
2 = /ulz<——|—V a:—Xk)>u2d:L'

is the tunnelling coefficient between the QDs 1 and 2;
Ng,o = dzadk,a is the total occupation of dot k. In
our case Zﬁk,azl

k,o

Assuming F1, = E3,, By =

rewrite the Hamilton operator in terms of the gener-

—FE}, |, we can

ators of Lie algebra of SU(2) as (apart from a trivial

constant)
4
= [akb+ @ (Riet + RLe )], (2)
=1
where
e1=Eip—Ey =€y =FEap — By =e,
€3 = B4 — E2p =0,
€4 = E2,¢ - E1,¢ =0
2y =0, =10,
3 = 0y = (;
W) = wy = W,
w3 = wy = 0
and
-1 1
Ko =5 (g —fy),

1 _ a4 4 1 _ a4 &
Ky =aj,a,,, K- =4aj ay,

K¢ == (g —ay),

N | =

2 At oA 2 _ At A
K =a;,ay,, K= =a; asy,

[y

K3 = (s —fay),

N

3 _ At 4 3 _ it 4
Ky = aj4a21, KZ = 05,01,

. A Ao\ T
where K} is a Hermitian operator, while K i = (K l,)
satisfies the SU(2) commutation relations
L gl il
/b KL = +KL,
&L RL] = 2Ry
for 1=1,2,3,4.
We

formation [!2] in terms of the time-dependent unitary

start with a generalized gauge trans-
transformation (13 defined by

4
3 JEC

1=1

4

=exp Z %(

Kl emin®

— Kteet®)| | ()

The time-dependent Schrédinger equation is covariant

under the gauge transformation ['? such that

-d ] 2 AN
ig ') =H [¥'(?)),

where

~. O A~
Pt
iR 6t'R,,
=R[Y'(t));

A = RUAR -
[%(®)

and the state |¥(t)) is assumed to be the solution of

the original Schrodinger equation

d N
i () = A (1)),

The auxiliary parameter A;, which is time-dependent

R . in general, is to be determined by requiring that the
Ko = 9 (fz,y = f1y), Hamilton operator H' be diagonal in the K} represen-
K’i = a;lle,i, K* = &ﬁ&ma (3)  tation. Using the following relationship:!*3l

~ PN ~ 1/ . ~ .
R;r (t) K Ry (t) =K} cos \; + 3 (Kie_“p’(t) + Kl elen (t)) sin A, (5)
. PN N A
R;r (t) KﬂrRl (t) :Kﬂr cos? El K ei2e1(t) gin2 Kl ie1() gin ), (6)
R! () K' R, (t) K cos? =2 Kl —12¢1(2) gin? Kl —ie(®) gin \,, (7
. ) de /\z _ dh | der
BRI (t) =R (t) = — 2K =2 Kl el ®) —Lsin)
iR () g fu (1) = Odt + oty
1.4, d/\l de
KL it (®) Lsin 8
tah-e ot dt ! ®)
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dX
and noticing the adiabatic condition that d_tl ~ (0 and

d
L 0, we obtain the Hamilton operator

dt

4

H =Y " /e} + 402K, (9)

=1

with auxiliary parameter \; chosen as

. 20
sin\)} = ————,
e+ 42?2
€
COS\| = —F————
Ver+ 4.(212’
p1,2 = —wt, w34 = 0.

It is easy to obtain the exact general solution of the

original Schrédinger equation

=11 cnexpl—ian, ()] 1, )

=1 n

= H Z Cn, €Xp[—iay, (t)]Rl (t) |ra), (10)

=1 m
with |n;) being the usual eigenstate of K} which sat-
isfies Ké |ni) = K., |n1) , where

t
ans (6= [ 4t (o, = H(©) ¢

:/0 at’ (M) KL, (11)

To study the dynamics of the spin, it is useful to derive

the explicit time-evolution operator such that

[(t)) =T (t) [4(0)),

where the time-evolution operator is found from the

exact solution of the time-dependent Schrédinger

=[] &:(0)

e OKs R (1) N T Ru(t)e
l

equation |¥(t)) in Eq.(10) as
U (t) 'ﬁ,t)exp[—lz)a KO]'R,T (0)
“[Ta@e0%E 0, )
1

where x; (t) = y/e? + 402%t. For a given initial state
|1(0)) of the system the spin-up current can be calcu-
lated from the time evolution of the occupation num-

ber
Ny (t) = (#(0)| Ny (£) [4(0)) ,

where the operator NT =4 — Ng = Ké + kg +
Kg — kg in the Heisenberg picture which is obtained
with the help of Egs.(5)—(7) as

Ny (t) = U (t) Ny U (2). (13)

3. Conclusion

There are six kinds of two-electron distribution
in the double QD, which are shown in Table 1. The
time-evolution of population of N4 (t) is evaluated for
various initial states as follows. For the sake of sim-

plicity, we set the initial phase to zero, i.e. ¢; (0) = 0.

Table 1. The two-electron distribution in double quan-

tum dots.
States of the system
1) 12) 13) 14) 15) 16)
dot 1 N t 4 4 t
dot 2 N t 4 T {

We consider, first of all, the initial state |¢(0)), =
|1): we find from Eq.(13) that

—i b~
(K pf (0) 1)

= (1| J] Ri(0)e@ OFo R (1) (K3 + K2 + K§ — K&) [] Bu(t)e= > OFo R (0) 1)
l 1

:% 32; [cos A(t) cos A (0) —

1

l\’)

3

2

4

3

%ei[xz (D=1 gin X\ (£) sin A (0) —

%e—i[xz =1 gin (1) sin 1,(0)]

= Z {cos Ai(t) + sin )\l( ) cos [Xl(t) - Sol(t)} }

! ] 4 2 2
b Z €2 + 4022 + €2 + 407 €08 [(w — /& T 49 )t} = cos(26%t);
3
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for other initial states we have

N2(t) = (2| [] Ri(0)e> OFo BRI () Ny (1) ] Bu(t)e @Ko R (0) |2)

1
= — cos(24%4t),

1

N3 () = (3] [T Ra(0)e™ OFs BRI (1) Ry (1) [ Ru(t)e X OKo R (0) |3),

1 e? 40? 2
_1 —/ 4()2)t] ,
2;{sf+4m+sl2+4mcos[(w ot

N () = (4] T] Ba(0)e OFo R (1) Ny T Buct)e

—ixy (t)

RI(0)14),

1 e? 402 2
__1 —/ 4()2)t] ,
2Z{sl+4m+e,2+4mcos[(w it

1,2

NE(t) = (5] [] Ru(0)eX DR B (1) N, [ Rult)e XK
l 1

R (0)[5)

N | =

2

2 2

s €] + 45
2

+
+

402 —
612 n 4912 cos [(w — 512 + 4()?)15} }

1 €
4+ = 1
2; e} + 407

3

:0’

NE(t) = (6] [] Ri(0)e OFo BRI ()N, T Ru(t)e
l

~

40?
El2 —{—lllﬂf cos [(w — \/612 —{—4912)15}}

—ixi(t)K§

R} (0) |6)

1 e} 4027 [< 2
- - 4()2)15}
zz{e§+49,2+el2+49,2°°s woyE TG

1,3

3

=0.

From the above results, we can see that when the
initial state is prepared at |1) or |2), i.e. both elec-
trons are put in a dot initially; the spin current varies
according to the cosine function, with the frequency
equal to the tunnelling coefficient §2,. When the elec-
trons are prepared in two dots with the same spin in

initial state |3) or |4), it is found that one can ob-

407
L COS [(w

1
_524{51—{—4.(22 e? + 4027

& +407 )1 }

tain a steady spin current NT3 A (t) = £1, which means

that the initial state is preserved all the time only if
wy = \/m (=1, 2) is satisfied. Otherwise, when
|(0)) = |5) or |6), the electrons in different dots with
different spins, we have NTS’6 (t) = 0 and the initial

state is kept at any time for any condition.
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