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We propose to generate and reverse the spin accumulation in a quantum dot (QD) by using the temperature

difference between the two ferromagnetic leads connected to the dot. The electrons are driven purely by the temperature

gradient in the absence of an electric bias and a magnetic field. In the Coulomb blockade regime, we find two ways

to reverse the spin accumulation. One is by adjusting the QD energy level with a fixed temperature gradient, and the

other is by reversing the temperature gradient direction for a fixed value of the dot level. The spin accumulation in

the QD can be enhanced by the magnitudes of both the leads’ spin polarization and the asymmetry of the dot—lead

coupling strengths. The present device is quite simple, and the obtained results may have practical usage in spintronics

or quantum information processing.
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1. Introduction

The preparation and manipulation of the single
electron spin in a quantum dot (QD) is crucial for both
spintronic devices!!! and spin-based quantum informa-
tion processing.(>3! Various techniques have been de-
veloped to prepare the single spin state in QD, in-
cluding the spin blockade,* the optical pumping,®~7
and the photoluminescence polarization.[®l The pre-
pared electron spin can be subsequently manipu-
lated using an oscillating magnetic field,[* ultra-
fast optical pulses,®? and spin-to-charge conversion
techniques.['%11] Besides the above-mentioned works
involving time-dependent fields, the electrical spin
control based on spin-orbit interaction!2='4 and spin
bias['5~18 has also been intensively investigated in the
last few decades. Up to now, an effective spin control
method in a simple device is still lacking, and this
research topic is still in its infancy.

Recently, the spin Seebeck effect has been ob-
served in a metallic magnet based on the spin detec-
tion technique by Uchida et al., where the spin bias
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was generated by a temperature gradient.['?) This ef-
fect can also be used to manipulate and detect the
spin-related information in terms of thermal signals,
suggesting a way to design and fabricate thermospin
quantum devices based on the thermal bias instead
After that, much work
has been devoted to the investigation of the spin-

of the usual electric bias.

dependent thermoelectric transport in a single QD
attached to ferromagnetic leads.?0=23! It was shown
that due to the discretization of the QD energy level
and the intradot Coulomb interaction, the spin cur-
rent can be obtained in a rather simple device with
the help of the temperature gradient. Moreover, semi-
conductor spacers of InAs QD with tunable size and
energy levels have been inserted inbetween nickel or
cobalt leads.?*=26] In such a device, the spin polar-
ization of the current injected from the ferromagnetic
leads and the tunnel magnetoresistance (TMR) can
be effectively adjusted by using a gate near the QD,
which opens new possible applications in spintron-
ics. Its new characteristics, such as the anomalies
of the TMR caused by the intradot Coulomb repul-
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sion energy, were explained in subsequent theoretical
work.[27]

In view of the above advances, we investigate the
possibility of generating and reversing the spin accu-
mulation in a QD with the help of ferromagnetic leads
and a thermal bias. The spin accumulation denotes
the difference between the spin-up and spin-down elec-
tron occupation numbers. The manipulation of this
quantity is at the heart of spin-based quantum infor-
mation processing and spintronics. From the appli-
cation point of view, a magnitude of spin accumula-
tion exceeding 0.5 is expected, which is obtained in
the present paper. Driven only by the thermal bias,
the spin accumulation is zero when the magnetic mo-
ments of the two leads are arranged in the parallel con-
figuration. While a large spin accumulation emerges
when the leads’ magnetic moments are in the antipar-
allel configuration, or when the dot is coupled to one
ferromagnetic lead and one non-magnetic lead (FM—
QD-NM). In the Coulomb blockade regime, the spin
imbalance can be generated and switched by a quite
weak temperature gradient in the dot. We emphasize
that the present device is very simple and realizable
with current technology.

2. Model and method

The system of a QD coupled to the left and
the right leads can be described by the following

Hamiltonian:[28—30]

e %

k,o,8=L,R
+ " eadld, + Udldrd]dy

5kﬁoclﬂgck,ﬁo

+ 3 (tgelgods + He), (1)
k,o,B

where CL o (ckpo) is the creation (annihilation) opera-
tor of the electron with momentum k, spin o (o =1,
or 0 = #1), and energy ep, in lead B; df (do)
creates (annihilates) an electron of energy ¢4 in the
dot; U denotes the intradot Coulomb interaction;
and tg describes the dot-lead tunneling coupling (its
energy-dependence is neglected for the sake of sim-
plicity). The ferromagnetism of the lead is described
by the spin-dependent density of states pg,, based on
which the lead’s spin asymmetry factor is defined as

ps = (psr — psy)/ (psr + ppy).PY
To find the dot average occupation numbers, we

use the master equation techniquel*8:32:33]

d

ana = F;[(l —ng)(1 —n_y)] = I}, (ne — nq)

+ 1,5 (ng — na) — Iy na, (2)
where n, = (dd,) and ng = <did¢d1d¢> are the sin-
gle and the double average occupation numbers on the
dot, respectively. The total tunneling rates are

Iy =Ii, + Iy, = Do fi + Trofit,  (3)
and

I3 =1i + e = Tuofif + Thofis. (4)

g

with

f3 = 1/{1 + expl(ea — ps)/kT5]},

fs = 1/{1+expl(ea + U — ) /kpT5]},

where kg and pg are the Boltzmann constant and
the electrochemical potential of lead 3, respectively,
and Tp is the temperature of lead 8. In the present
paper, we set uy, = pur = 0, 7, = T + AT, and
Tr = T, where AT is the temperature difference be-
tween the two leads. The line-width functions in the
above expressions are given by I's, = 27|ts|?pgs(€q)
and Is, = 27|ts|?pso (€4 + U). Using the wide-band
approximation that pg, is a constant and featureless,
we have I'g, = f,@a- Then ny in Eq. (2) is canceled
out, resulting in the following simplified rate equation

for the occupation numbers:[32!

d .
ang:F;(l—ng—n_g)—F;nU+F;n_U. (5)

The line-width functions can be written in terms
of the spin asymmetry factors as I, = fgg =
v8(1 4+ opg), where v < kgT is a parameter. In
the stationary regime (dn,/d¢ = 0), the occupation
numbers are derived from Eq. (5) as

IR0 AR AL s
— s 7

(6)

Ne

where

Ha = (F:+F;)(Fjo+]j:a)i(f;71—’;)(12;’?0'7[11?0')

3. Numerical results

In the following numerical calculations, we choose
the intradot Coulomb interaction U = 1 as the en-
ergy unit and set the constants e = A = kg = 1.
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The system temperature in the equilibrium state is
fixed at T = 0.02U, which is about 350 mK for
U = 15 meV in experiments.?324 Under a zero ther-
mal bias (T, = Tr = T) and symmetric coupling
YL, = YR, the Fermi functions of the two leads are the
same, f;, = fr = f and fL = fR = f, and then the
electron occupation numbers in Eq. (6) are reduced to

ny = 1U=S*5) (7)

1—(f=f)

The spin-up and the spin-down occupation num-
bers are the same, since there is neither a driving force
(eV = AT = 0) nor a magnetic field. For the deep dot
level case (¢4 < =U), f = f =1 in the low temper-
ature regime, and n, = 1. In the Coulomb blockade
regime (—U < g4 < 0), the Fermi functions are f =1
and f = 0, then n, = f/(14f) = 1/2. In the high dot
level regime (e > 0), we have f = f=0and n, =0.
Moreover, the occupation numbers are independent of
the ferromagnetism of the leads, which are shown in
Figs. 1(a) and 1(b) by solid lines.
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Fig. 1. Spin-up and spin-down electron occupation num-
bers as a function of the dot level for different values of
thermal bias. In panel (a), the leads’ magnetic moments
are arranged in the antiparallel configuration; in panel (b),
the dot is coupled to one ferromagnetic lead and one nor-
mal metal lead.

We now turn to the case of finite thermal bias
AT =Ty, — Tr and symmetric coupling v, = yr. The
occupation numbers n, for the ferromagnetic leads ar-
ranged in parallel configuration pr, = pr are given by

(fu+fr)2—fu— fo+ fL+ fr)

- ) . @
4—(fu+fr—Jfu—fr)? ®

g

which is independent of the spin. This is because the
ingoing and the outgoing tunneling rates of each spin
There-

fore, the spin-up and the spin-down electrons spend
t,[32,33]

component are the same, i.e., I, = IRy
the same amount of time in the do resulting in
zero spin accumulation (ny —ny = 0). For the antipar-
allel configuration (pr, = —pr = p), the spin accumu-
lation is generated in the Coulomb blockade regime
by both the leads’ ferromagnetism and the difference
between the left and the right Fermi functions. As is
seen from the dashed and dotted lines in Fig. 1(a),
ny > ny when —U < g4 < —U/2, and ny < nj when
—U/2 < g4 < 0. The spin accumulation is zero when
the dot level is located at the electron—hole symme-
try point (¢4 = —U/2). Moreover, the total occupa-
tion number n4 + n| remains the same as that for the
zero thermal bias case (the solid line). This behav-
ior can be explained as follows. Due to the tempera-
ture difference, more electrons are excited above the
Fermi level p = 0 in the left lead. In the deep dot
level regime (—U < g4 < —U/2), the electrons enter
into the QD from the left lead through the level of
e+ U, which is above the Fermi level. Now more spin-
up electrons tunnel into the dot than the spin-down
ones, as I14+ > I1;. Moreover, the outgoing tunnel-
ing rates have I'ry < IRy, which indicates that the
spin-up electrons are more difficult to tunnel out of
the dot, resulting in the increase of ny as shown by
the dashed line in Fig. 1(a). On the other hand, the
spin-down electrons can easily leave the dot, resulting
in the decrease of n (see the dotted line in Fig. 1(a)).
When the QD energy level is located in the region of
—U/2 < g4 <0, the electrons enter into the QD from
the right lead through the level of ¢4, which is be-
low the Fermi level. Under this condition, the ingoing
and the outgoing tunneling rates of the spin-up and
the spin-down electrons are interchanged, resulting in
the inverse of the spin accumulation. For ¢4 = —U/2,
the electrons can tunnel into the QD from either the
left lead through U/2 or the right lead through —U/2.
Therefore, the spin-up and spin-down electrons have
the same ingoing and outgoing tunneling rates, and
the spin accumulation is zero. The above discussion
holds true for the FM-QD-NM structure, as shown
in Fig. 1(b), but the difference between the spin-up
and the spin-down electron occupation numbers is de-
creased. This is induced by the decreased difference
between the ingoing and outgoing tunneling rates of

the spin-up and the spin-down electrons.
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Figure 2 shows how the magnitude of thermal
bias AT influences the spin accumulation for fixed val-
ues of the leads’ spin polarizations. Along the arrow,
AT = 0.02U, 0.01U, 0.005U, —0.005U, —0.01U, and
—0.02U respectively. For the antiparallel configura-
tion, as shown in Fig. 2(a), except for the dot energy
level around the electron—hole symmetry point, the
magnitude of the spin accumulation is increased with
the increase of the thermal bias, as more electrons are
excited to participate in the transport. The maximum
of the spin accumulation equals to the spin polariza-
tion of the leads. Figure 2 indicates that the spin ac-
cumulation can be reversed not only by the QD level,
which has been shown in Fig. 1, but also by the direc-
tion of the thermal bias. The latter can be understood
by a similar reasoning as the one discussed above. The
behavior of the spin accumulation in the FM-QD-NM
device resembles that of the antiparallel configuration
shown in Fig. 2(a) but with decreased magnitudes.
Moreover, the maximum of the spin accumulation is
weakened to be half of that in the antiparallel case
because of the lack of the ferromagnetism in the right
lead.
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o
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1

Fig. 2. Spin accumulation ny — n| varying with the dot
energy level for different values of thermal bias. In panel
(a), the leads’ magnetic moments are arranged in the an-
tiparallel configuration; in panel (b), the dot is coupled to
one ferromagnetic lead and one normal metal lead. Along
the arrow in the figures, the values of the thermal bias
are AT = 0.02U, 0.01U, 0.005U, -0.005U, -0.01U, and
—0.02U respectively.

The spin accumulation is monotonously increased
by the increase of the spin polarization of the leads, as
shown in Fig. 3, and its maximum remains the same
as the magnitude of the spin polarization of the leads
(Fig. 3(a)), or half of it in the FM-QD-NM system
(Fig. 3(b)).’2) This can be attributed to the prop-
erty of the tunneling rates. Figure 4 shows that the
magnitude of the spin accumulation can be either en-
hanced or suppressed depending on the asymmetry of
the dot—lead coupling o = 71,/vr and the direction of
the thermal bias. Explicitly, the magnitude of the spin
accumulation is enhanced when the tunneling rate is
larger in the hotter lead, which is shown in Figs. 4(a)
and 4(c).
the tunneling rate in the colder lead is increased, as
shown in Figs. 4(b) and 4(d).

the spin imbalance in the QD is enhanced when more

While it is weakened if the magnitude of

This is reasonable, as

electrons enter into the QD easily while fewer elec-
trons are difficult to leave the dot. It is expected that
the spin accumulation will be generated in the parallel
configuration in the presence of the dot—-lead coupling
asymmetry, since the ingoing and outgoing tunneling

rates are different from each other.
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Fig. 3. Spin accumulation ny —n  as a function of the dot
level for different values of the leads’ spin polarization pg.
The temperature difference between the two leads is fixed
at 0.01U. In panel (a), the leads’ magnetic moments are
arranged in the antiparallel configuration; in panel (b), the
dot is coupled to one ferromagnetic lead and one normal
metal lead.
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Fig. 4. Spin accumulation as a function of the dot level for different values of asymmetry of the dot—lead coupling

a = v /vr. In panels (a) and (b), the leads’ magnetic moments are arranged in an antiparallel configuration;

in panels (c) and (d), the dot is coupled to one ferromagnetic lead and one normal metal lead.

4. Conclusion

In conclusion, we have studied the spin accumula-
tion in a QD purely under the thermal driving force.
Due to the combined effect of temperature gradient
and ferromagnetism of the leads, a quite large spin
accumulation is generated even under a weak tem-
perature difference. When the dot is symmetrically
coupled to the left and the right leads, the maximum
of the spin accumulation equals the spin polarization
of the leads when arranged in the antiparallel config-
uration, and is suppressed when the dot is coupled
to one ferromagnetic lead and one normal metal lead.
The spin accumulation can be reversed by either the
The
asymmetry of the dot—lead coupling provides another

dot level or the direction of the thermal bias.

means to tune the magnitude of spin accumulation.
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