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We theoretically study the spin-decoherence effects on the
pumped spin-polarized current through a quantum dot subject
to a rotating magnetic field and coupled to two ferromagnetic
electrodes. The dependence of the current on the magnetic
moment orientation angle of the two leads is greatly influ-
enced by the spin pump and the spin decoherence. The spin
pump destroys the normal spin-valve effects, and the spin de-
coherence makes the current exhibiting a quite complicated

1 Introduction Spin-dependent electronic transport
in quantum dot (QD) systems has attracted extensive in-
vestigations, since it provide the way for applications in
spintronics and quantum information processing [1, 2]. The
transport through a QD coupled to ferromagnetic leads
strongly depends on the magnetic configuration of the sys-
tem [3—5], since they affect the polarization of the elec-
tronic current and so the magnitude of current. In the
QD systems of nanometer length scale, the Coulomb
blockade (CB) of the single-electron tunneling is a funda-
mental physical phenomenon at low temperatures. In the
spin-polarized transport, the strong Coulomb interactions
can result in a zero-bias anomaly in the Coulomb-blockade
valleys [6—8]. Recently, the spin-polarized -electronic
transport through a QD under an external magnetic
field perpendicular to the magnetizations of two leads
has been studied [9, 10]. A new phenomenon of Cou-
lomb promotion of spin-dependent tunneling has been
proposed, which arises from combined effects of spin-flip
processes induced by the magnetic field and Coulomb cor-
relations.
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angle dependence. These distinct transport behaviors can be
used as electrical schemes for detection of electron spin reso-
nance and spin decoherence. Moreover, the current is closely
related to the magnetic Rabi frequency and the detuning, in
which the spin decoherence also plays an important role, and
thus the pumped spin-polarized current can be used as a sen-
sitive tool to measure these pumping parameters.
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On the other hand, coherent control of spin dynamics
in a QD using a rotating magnetic field in a solid-state en-
vironment has been a subject of increasing interest in re-
cent years [11], because it has been a very important prob-
lem of spintronics to understand and exploit various physi-
cal mechanisms for generating spin current in solid-state
devices. This interest has led to a large amount of work on
detection of the electron spin resonance (ESR) ina QD [12,
13]. A spin-source device has been proposed to carry pure
spin flow based on ESR in single or coupled QD systems
with sizable Zeeman splitting [14—16]. However, the con-
trolling of the spin-dependent electronic transport through
an interacting QD attached to ferromagnetic (FM) leads by
a rotating magnetic field are still less studied. The ESR ef-
fect on the spin-dependent transport through the QD needs
investigations, since the spin configuration of the confined
electrons in QD is apparently affected by ESR effect,
which directly determines the efficiency of this device. In
addition, the previous studies also neglected the inevitable
spin decoherence due to coupling of the single spin with
environment [17—19].
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Therefore, it is the purpose of this paper to study the
ESR-pumped spin-polarized current for a QD connected
with two FM leads in the strong CB regime. The magneti-
zation of the left lead is presumed to align along the Z -axis,
and the magnetization of the right lead is supposed to devi-
ate from the Z -axis by an angle 6. The spin pump is facili-
tated by a rotating magnetic field which induces the spin-
flip effects. By using the quantum rate equations, we have
predicted that the spin-polarized current can be easily con-
trolled by tuning the rotating magnetic field. In the absence
of the rotating magnetic field, the spin-polarized current
decreases monotonically from 8 =0 to 8 =, showing the
normal spin-valve effect. However, in the presence of the
rotating magnetic field, the current shows a reversed
current-angle relation. Furthermore, due to the finite spin
decoherence time 7, the current shows a nonmonotonic
variation with the angle 6. Therefore, these distinct trans-
port behaviors can be used as electrical schemes for detec-
tion of electron spin resonance and spin decoherence.

The rest of this paper is organized as follows. In Sec-
tion 2 we present the model Hamiltonian and derive the
formula of the spin-dependent electronic current by using
the the quantum rate equations. In Section 3 we study the
spin-polarized current by tuning various parameters. Fi-
nally, a brief summary is given in Section 4.

2 Physical model and formula The FM—QD-FM
system with a rotating magnetic field is described by the
following Hamiltonian:

H=Y H,+H, +H()+H,, (1)
n=LR
with
Hz] = Z 877kcra;kca77ka ’ (2)
ko
H,, = z e,d.d, +Unn, , 3)
H'(t)=R; e a’;dl +h.c., 4)

HT = z [tLa:kada
ko
+1, (cos g al,,d, — o sin g a,ikgdaij h.c} .

(5)
H, (n=L,R) describes the left and right ferromagnetic
leads. The magnetic moment M of the left electrode is
pointing to the Z-direction, the electric current is flowing
in the x-direction, while the moment of the right electrode
is at an angle 0 to the Z-axis in the y,Z-plane. We have
made a simplification that the value of molecular field M is
the same for the two FM leads, thus the spin-valve effect is
obtained by varying the angle 6 [14, 20]. H,, models the
quantum dot where d’ (d,) represents the creation (anni-
hilation) operator of the electron with energy ¢, and spin
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o=+1=Tl (6 =-0). The dot energy is assumed to be
independent of the bias voltage. The field rotates around
z- axis with a tilt angle @ as: B(¢)=(B, sin ¢ cos wt,
B, sin ¢ sin wt, B, cos ¢), where B, is the constant mag-
netic field strengths. The rotating components
(B, sin ¢ cos wt, B, sin ¢ sin wt) in the X,y -plane provide
a spin flip mechanism. The Z component B, = B, cos ¢
gives the Zeeman splitting. The single-electron level in the
QD is split into 4= ¢ — & = B, cos @, where w1 is the
Bohr magneton. U is the on-site Coulomb repulsion, and
n,=d}d_ is the particle number operator. H’ is the off di-
agonal part of the Hamiltonian with Ry = B, sin ¢ de-
scribing the spin-flip scattering caused by the rotating
magnetic field. H; represents the tunneling coupling be-
tween the QD and leads, and the tunneling matrix element
issetas?,.

Due to the strong Coulomb interaction in the QD, the
double occupation is prohibited. Here, in order to antici-
pate the CB and the intrinsic spin relaxation, we utilize the
quantum rate equations to solve for the system density ma-
trix elements. The unoccupied and spin states are p, and
P, which describe the occupation probability in the QD.
The off-diagonal term p, . denotes coherent superposition
of the two coupled spin states in the QD. The doubly occu-
pied state p, is prohibited due to the strong Coulomb inter-
action U. Here we focus our interest on the nonadiabatic
pumping where the photon-assisted resonance is achieved.
The quantum rate equations for the spin-resolved density
matrix elements in the rotating frame with respect to @ are
(e=h=1)

d . N _ _
£0=—FTpo_r¢po+FTpT+Flpi ’
dp . _ .
TIT:FTPO_FTPT""Rsf(pN_pH)’
dp N _ .
7(1; =Fipo_rlpl+lef(p,LT_pTi)’
(6)
dpy, | P
—=——UT+T
& 2( T+ L) Py
. . 1
+i0psp Pry + iR (P — pi)_? Pry s
dpyr Lo i
?=—5(ﬂ +177) iy~ i0gse P11
, |
TR (py= P P

Cc

and the normalization relation p,+ p,+ p,=1. In these
equations, Jyz = A—w is the ESR detuning. Furthermore,
we describe the coupling of single spin with the environ-
ment in a phenomenological way via introducing the spin
decoherence time scale 7,, which is related to the loss of
phase coherence of the spin superposition state. [15] The
measurement of 7, in QDs is currently an active topic be-
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Figure 1 7 versus 6 for (a) R;=w=0 and
(b) R;=0.5 and @ =2.0 with different T..
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cause it is the limit time scale for coherent spin manipula-
tion and thus quantum information processing.
The parameter 7} = Z I, corresponds to the rate

n=L,R
of adding one electron to the dot coming from the leads,
and /) = 2 1", is the rate of moving one electron from

n=L,R
the dot to the leads. Due to the FM leads, the tunneling
rates are

I,=T,f (7
I,=r,(1-14), ®)
Iy =g, cos’ O+ Iy, sin’ ) f , )
i, =g, cos” O+ Iy, sin> @) (1- 1), (10)

where f, (&) = 1/(e“ ™" 11) denotes the Fermi distribu-
tion function of electrons in the 77 lead. The chemical po-
tentials are set as g, =eV and u; =0 with eV the bias.
The coupling between the QD and the lead 7 is related
to the spin-resolved density of states of lead 7n via
I,,=2mnp,,trt,.,. With the definition of the spin polari-
zation of 7 lead p,=(p,—p,)(p,+ P, ). the cou-
pling can be expressed as [ ,,=/7,(1%fp,) with
I'y=(L",+1,,)/2. The linewidth function /7 is set as
small value compared with the energy-level spacing for the

2.0

symmetric and weak-coupling case. In wide band limit,
these tunneling amplitudes are independent of energy. The
current from the 7 lead to the central region can be calcu-
lated from standard rate equations, which yield

[,76=1—;ro_p0—1—;0_p0_, (11)

The total current is 7 =(1/2) (I, —Iy) with [, =1,+1 .
The spin-polarization of the two FM leads are set as
pr=pr =03, and the temperature is set as zero. The
linewidth function 277, = 1", + I, =11s set as the energy
unit, whose typical values are of the order of tens of peV

[21].

3 Numerical results and discussions To clearly
show the spin-pump effects on spin-polarized current, /
versus € without and with a rotating magnetic field is plot-
ted in Fig. 1(a) and (b), respectively. In the absence of the
magnetic field, the 8 dependence of the tunneling current
exhibits the normal spin-valve effect [22, 23]. The current
arrives at its maximum and minimum in the parallel
(6 =2nm) and antiparallel magnetization configurations
[6 =(2n+1) m], respectively. The current exhibits a mono-
tonic change in between the parallel and antiparallel
magnetization configurations. However, in the presence of
the rotating magnetic field, the current is reversed and
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arrives at its maximum and minimum in antiparallel
[6=(2n+1)7n] and the parallel (6 =2nn) magnetization
configurations, respectively. The reason is related to the
spin-pump effects caused by the external rotating magnetic
field. After a spin-up electron tunnels into the QD from the
left FM, an oscillating magnetic field applied with the fre-
quency nearly equal to 4 can pump the electron to the
higher level where its spin is flipped, then the spin-down
electron can tunnel out to the right FM lead. Therefore, the
spin-pump effects cause the reversion of the /-6 relation.

The inevitable spin decoherence due to coupling of the
single spin with environment can not be fully neglected.
The spin decoherence does not influence the /-6 relation
at zero magnetic field. However, the decoherence has a
distinct influence on the /-6 relation when a rotating mag-
netic field is applied as shown in Fig. 1(b). With increasing
I/T,, the current peak at @ =m decreases and finally a dip
appears, showing a nonmonotonic relation with & in the
presence of magnetic field. The nonmonotonic behavior
comes from the competition between the spin-decoherence
and the spin-pump effects, since the shorter spin-
decoherence time can result in the sooner loss of phase co-
herence of the spin superposition state.

Figure 2 shows the controlling of the current by the de-
tuning Oy, and Rabi frequency R of the magnetic field.
As shown in Fig. 2(a), the current reaches its maximum
value at zero detuning of J.s;, =0 as expected, where a
resonance appears. With increasing 1/7,, the maximum
current decrease and its width becomes wider due to the
shorter decoherence time. The detailed dependence of the
current on the driving frequency is determined by the spin-
decoherence time 7,. Figure 2(b) shows that the current
amplitude exhibits a saturation behavior with increasing
Rabi frequency R,. This is a consequence of the photon
absorption of a single spin, and the saturated value is inde-
pendent of the decoherence time 7, and detuning Oy . The
curves become steeper at larger 1/7,.

Finally, we study effects of the external field angle ¢
and strength B on the current. As shown in Fig. 3(a), the
current shows a sudden increase at @ = /2. The reason is
related to the spin-pump effects and the spin polarization
of the FM leads. When ¢ < n/2, the Zeeman splitting is
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A=¢g — & = B, cos p>0. The spin-up electrons from
the left lead can be flipped from the state &, to the state
¢, and then tunnel to the right lead with tunneling rate
I,,. When ¢@>m/2, the Zeeman splitting becomes
A=g —¢& = u,B,cosp<0. The spin-down electrons
from the left lead can be flipped to the state &, and then
tunnel to the right lead with tunneling rate /™, ;. Due to the
nonzero spin polarization p; = 0.3 of the FM lead, the tun-
neling rate is /=1 ((1+ pg)> 1y, =1 (1- py). Thus
the current /(@) with /2 <@ <m is larger than /(m— ).
This explains the increase of the current when ¢ sweeps
/2. The current peak in the range ¢ <m/2 or ¢ > n/2 is
caused by the resonance as mentioned above. When the
decoherence time 7, decreases, the two resonant peaks
smears slowly due to the spin relaxation. The current ver-
sus the magnetic field strength B is plotted in Fig. 3(b) at
different . It is seen that the resonant peak appears at the
same B for ¢ and m—¢, since the resonance happens at
@ =A=gu,B, cos ¢. Similarly, the resonant peak is
smeared by increasing 1/7,. It is also a way to detect the
spin decoherence time.

4 Summary In summary, based on the quantum rate
equation, we have studied the spin-decoherence effects on
the pumped spin-polarized current through the quantum
dot subject to a rotating magnetic field and coupled to two
ferromagnetic electrodes. Our results show that the de-
pendence of the current on the magnetic moment orienta-
tion angle € of the two leads is greatly influenced by the
spin-pump effects and the spin decoherence. The ESR
pumping generates a reversed dependence of the current on
the magnetic moment orientation angle 6. Furthermore, the
current displays a quite complicated behavior depending
on @ under the influence of the spin decoherence time 7.
Therefore, these distinct transport behaviors can be used as
electrical schemes for detection of ESR and spin decoher-
ence. The current also depends on the magnetic Rabi
frequency and the detuning sensitively, in which the spin-
decoherence also plays an important role, and thus the
pumped spin-polarized current can be used as a sensitive
tool to measure these pumping parameters.
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