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Using the perturbation method, we theoretically study the spin current and its heat effect in a multichannel

quantum wire with Rashba spin—orbit coupling. The heat generated by the spin current is calculated. With the increase

of the width of the quantum wire, the spin current and the heat generated both exhibit period oscillations with equal

amplitudes. When the quantum-channel number is doubled, the oscillation periods of the spin current and of the heat

generated both decrease by a factor of 2. For the spin current js .y, the amplitude increases with the decrease of the

quantum channel; while the amplitude of the spin current js, 4. remains the same. Therefore we conclude that the effect

of the quantum-channel number on the spin current js .y is greater than that on the spin current js, yo. The strength of

the Rashba spin—orbit coupling is tunable by the gate voltage, and the gate voltage can be varied experimentally, which

implies a new method of detecting the spin current. In addition, we can control the amplitude and the oscillation period

of the spin current by controlling the number of the quantum channels. All these characteristics of the spin current will

be very important for detecting and controlling the spin current, and especially for designing new spintronic devices in

the future.
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1. Introduction

Spintronics, as an important subdiscipline of con-
densed matter physics, has aroused the broad in-
terest of scientists, and has become a new research
hotspot.!' = Recently, the spin current, the most im-
portant physical quantity in spintronics, has been ex-
tensively studied. Many interesting and fundamen-
tal phenomena, such as the spin Hall effect®7 and
the spin precession in systems with spin—orbit cou-
pling, have been discovered and are under further
investigation.[8~12 In addition, the effect of spin—orbit
coupling creates a way to manipulate spins by an elec-
tric field, which may have great potential applications
in future spintronics devices.!'>'4 The Rashba spin—
orbit coupling term arises when the confining potential
of the quantum structure lacks inversion symmetry.
The Rashba spin—orbit coupling effect is found to be
more pronounced in some semiconductor layers (e.g.
InAs or InGaAs), and its strength can be controlled
by applying a gate voltage.'>1¢] More recently, the
spin current in a quantum structure with Rashba spin—
orbit coupling has been extensively studied, and a def-
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inition for the spin current has been proposed.[”_lg]

They found that in order to completely describe the
spin transport, besides the spin current (or the lin-
ear spin current), one needs to introduce an angu-
lar spin current. The two spin currents describe the
translational and the rotational motion (precession)
of the spin, respectively.[2%-21] The definitions of these
spin currents were given and their physical properties
were discussed. The spin currents in a parabolically
confined semiconductor heterojunction quantum wire
with Dresselhaus spin—orbit coupling were theoreti-
cally studied by Sheng et al.[??l They found that a per-
sistent spin current exists along either the transverse
or the longitudinal direction of the quantum wire, and
the net linear spin current density has a maximum in
the middle of the quantum wire, which implies a way
to detect the spin current. They did not discuss the
effect of increasing the quantum wire width on the
spin current. More recently, the heat produced by the
spin current has become a research focus. Considering
a simple case without the spin flip process, Sun et al.
gave a formula to calculate the heat produced by the
spin currents, which laid the foundation for the further
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study of the heat produced by the spin currents.!!7-2!]

However, we notice that systematic research on the
heat produced by spin currents is still lacking so far.

In this paper, we study the spin current and its
heat effect in a confined semiconductor multichan-
nel quantum wire with Rashba spin—orbit coupling.
We discuss the variations of the spin current and of
its heat effect with the quantum wire width and the
quantum-channel number. We can control the am-
plitude and the oscillation period of the spin current
by controlling the number of the quantum channels.
These characteristics of the spin current and of its heat
effect may offer a way to detect and control the spin
current.

The rest of the paper is organized as follows.
In Section 2, based on the perturbation theory, we
first introduce the Hamiltonian and the wave function
of a single electron in a quantum wire with Rashba
spin—orbit coupling. The formulas and the calculation
method are then described. In Section 3, the numer-
ical results and our discussion are presented. Finally,

a brief summary is given in Section 4.

2. Model and method

In our system, a quantum wire with Rasha spin—
orbit coupling is connected to two electrode leads.
The width of the quantum wire is d. The single elec-
tron Hamiltonian for the quantum wire subjected to
Rashba spin—orbit coupling can be written as

—h? [ 0? 0

2m

where m* is the effective electron mass. The trans-

verse confining potential is

0, —d/2<z<d/2,
x < —=d/2, x>dJ2.

The Rashba spin—orbit coupling term in Hamiltionian
Hy can be described as

0 0
HR:iOzR(O'yar_Uzay)a (2)

where 0, and o, are the z- and the y-components of
the Pauli matrices, respectively, and ar represents the
Rashba spin-orbit coupling strength.[23:24]

The electron wave functions for the quantum wire
with the Rashba spin—orbit coupling can be decom-
posed into two parts,2!
etMiopp (z) 3)

VL )

where L is the length of the quantum wire. We can

Y1) (z,y) =

solve the transverse eigenfunctions by using the per-
turbation method as

eri(@) =/ Lsin 2 (a+3)]
i%}?msm ["Z(z+g)} (4)

where
4m*nagr /2 mm d
F,=———— in | —— z
h2m(n? — m?) /—d/2 ST\ + 2

X H—i—gd
cosdx2a:,

(m,n=0,1,2,...). (5)

The associated energy eigenvalues of the n-th mode for
the spin-up and the spin-down electrons in the quan-
tum wire arel2%:20]

h2k h?*n?m?

2
= t o g Torky (6)

Therefore, we can deduce the following relations:

1 2h? h2n2m2
+ _ * * 2
kyT(E)*ﬁ l—m ag £m \/O‘R+<m*><E 2m*d2)] , (7)
1 2h?2 h2n2m2
+ _ * * 2

In order to calculate the spin current density, we
use the definition proposed by Sun et al.[*!]

js = Re[apTvscp], (9)

Jo = Re[goTw X 8], (10)

where v = p/m + (ar/h)(2 x ), and w = (2/h?)(p x
2) are the linear and the angular velocity operators of
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an electron with spin s and unit vector 2, respectively.
Substituting Eqgs. (3) and (4) into Egs. (9) and (10),
the spin current density can be obtained. There are

only three non-zero elements in the linear spin current

density, i.e.,
js,zy = 2L (LPT()DT + <P1<P1)
K2 ,
+ 2m*L(“"W’T ©1e)), (11)
js,yx = 2L (SDT@T + @l(pl)
2k, .
t3 L(%% ©let), (12)
. th N
Jsyz = Qm*L(wTsoT ©1e1)- (13)

There is only one non-zero element in the angular spin
current density,

. arky .
Joy = Ty(wlwl — 1) (14)

The linear spin current density j, is a tensor, and
its non-zero element, e.g. js zy, represents an electron
moving along the x direction with its spin pointing in
the y direction. The angular spin current density j.
represents the spin current with the electron spin pre-
cessing in the y direction. From Egs. (7) and (8), we
can see that there are four different occupied states
for the n-th mode, that is, k;T, k:;T, kyi’ and k:
which are related to the spin-down and the spin- up
states with the electron propagating along the +y and
the —y directions, respectively. The states obey the
relation k- s+ kuT + k L+ kul = 0. In equilibrium,
the contributions of all occupled states are the same.
Therefore, the elements of the linear and the angular

spin current densities, including k,, can be obtained
(21]
as

. 1. ) . .
sy Ty snwyl-l- ngT-&- ;Lﬂayl— ;wyT—
Jowy = 4(3 + 7 +J +j )

= 2L —(pfer +¢ley)
h2
+ 2m*L

(p1eh — ¥ie))s (15)
. 1, ) . .
J;‘n,yw - Z(J:,ywl-i- +j;wa+ +J;‘n,ywl— + JZwa—)

QR * *
= ﬁ(%w +9Te1), (16)

. 1, . . . .
Jg,yz - Z(J;yZl+ +Jg,yZT+ +ijZl— +Jg,sz_)
=0, (17)

) 1 . ) ) )
jg,y = 1(337yl+ +]g7yT+ +]£7yl— +jg,yT—)

|
e

(18)

The two nonzero components in the spin current den-
sity for the transverse n-th mode are j',, and j, ..
By the summing spin current density jg;. (i,j =
x,y,z) from the 1-st to the n-th modes, we can ob-
tain the total spin current density.

In order to further understand the physical prop-
erties of the spin current, we consider another physical
effect of the spin current: the heat produced by it. We
consider a uniform isotropic conductor with a linear
spin current js and a charge current j, and consider
a simple case without the spin flip process, so that
Jo = 0, then the heat @) produced in unit volume and

in unit time by the currents will bel2!]

Q=p( L+ L) =@ 432, (19)
17 7

where p is the semiconductor resistivity, the term pj2
gives the heat produced by the charge current and the
term pj2 gives the heat produced by the linear spin
current. So the heat produced can be expressed by j2
Note that the heat Q pro-
duced depends on j2, and the calculating formula will
be

(for the case of j, = 0).

Q= pjg,ij' (20)

3. Calculation results and analy-
sis

Now we calculate and analyse the spin current
and its heat effect in a semiconductor multichannel
quantum wire with Rashba spin—orbit coupling. The
electron effective mass takes the value of the InGaAs
= 0.042m,, and the strength of
the Rashba spin—orbit coupling takes the value of
ar = 1.0 x 107 eV/m. For the hard-wall con-
fining potential, we consider two different cases with

quantum wire m*

quantum-channel numbers three and six. The width
of each quantum wire is 300 nm.!?7—29]

Figure 1 shows the spin current density jg ., as
a function of the quantum wire width. From the fig-
ure, we can see that with the width of the quantum
wire increasing, the spin current exhibits periodic os-
cillations with equal amplitudes. When the quantum-
channel number is doubled, the oscillation period de-
creases by a factor of 2 and the amplitude of the spin
current decreases with the increase of the quantum-
channel number. This is because as the number of
the mode increases, more quantum channels are occu-
pied, so the oscillation becomes more intense and the

amplitude becomes smaller.
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Fig. 1. The spin current js zy as a function of the quan-
tum wire width. The numbers of the quantum channel are
n = 3 and 6, with the energy eigenvalue for the electron
E =5.9 x 1073 eV, the strength of the Rashba spin-orbit
coupling ar = 1.0 x 107! eV/m, and the length of the
quantum wire L = 300 nm.

Figure 2 shows the spin current density j, . as
a function of the quantum wire width. By compar-
ison with Fig. 1, we can see that the spin current
densities present periodic oscillations with equal am-
plitudes. The oscillation period decreases with the
increase of the quantum-channel number. The varia-
tions of the spin current density js,, have the same
tendency as that of the spin current density js 5. The
value of the spin current density j; , is negative, while
the value of the spin current density js .. is positive.
When the number of the quantum channel is 6, the
amplitude of the spin current density js . is larger
than that of the spin current density js . Although
both spin current densities have two opposite direc-
tions, their variation trends are not completely sym-
With the increase of the strength of the

Rashba spin—orbit coupling, the spin current density

metrical.

greatly increases, which has been theoretically proved
by Sun et all?l They also found that the linear or
the angular spin current can generate a linear or an
angular electric field, which is measurable by existing
technology, and the electric field is proportional to the
magnitudes of the two spin currents. Therefore, in our
case, for a Rashba spin—orbit coupling quantum wire,
the net linear spin current should also induce a linear
electric field. Furthermore, it will exhibit periodic os-
cillations in the quantum wire. These characteristics
of the induced electric field, which is measurable, may

offer a way to detect the spin current.?!]
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Fig. 2. The spin current js 4. as a function of the quan-

tum wire width. The numbers of the quantum channel are
n = 3 and 6, with the energy eigenvalue for the electron
E =5.9x 1073 eV, the strength of the Rashba spin-orbit
coupling ag = 1.0 x 107! eV/m, and the length of the
quantum wire L = 300 nm.
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Fig. 3. The heat produced by the spin current js,y as
a function of quantum wire width. The numbers of the
quantum channel are n = 3 and 6, with the energy eigen-
value for the electron E = 5.9 x 1073 eV, the strength of
the Rashba spin—orbit coupling ag = 1.0 x 10~ eV /m,
and the length of the quantum wire L = 300 nm.

In order to further understand the property of the
spin current density, we calculate the heat produced
by the spin current. The variation trends of the heat
are shown in Fig. 3.
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Figure 3 shows the heat produced by the spin cur-
rent density js ., as a function of the quantum wire
width. From the figure, we can see that with the in-
crease of the width of the quantum wire, the heat
exhibits periodic oscillations with equal amplitudes.
When the quantum-channel number is doubled, the
oscillation period decreases by a factor of 2 and the
amplitude of the spin current decreases with the in-
crease of the quantum-channel number, which is ba-
sically coincident with the variation trend of the spin
current js y. The amplitudes of the heat in the mode
for n = 3 are greater than that for n = 6.

Figure 4 shows the heat produced by the spin cur-
rent density js,. as a function of the quantum wire
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Fig. 4. The heat produced by the spin current js . as
a function of quantum wire width. The numbers of the
quantum channel are n = 3 and 6, with the energy eigen-
value for the electron E = 5.9 x 1073 eV, the strength of
the Rashba spin—orbit coupling ag = 1.0 x 10~ eV/m,
and the length of the quantum wire L = 300 nm.

width.

quantum-channel number is doubled, the oscillation

Comparing Fig. 4 with Fig. 3, when the

period decreases by a factor of 2. We can see that
the increase in the quantum-channel number leads to
a decrease of the amplitude of the heat produced by
the spin current density js .y, , and there is no obvious
effect on the amplitude of the heat produced by the
spin current density js .. Therefore we conclude that
the effect of the quantum-channel number on the spin
current density j, ., is greater than that on the spin

current density js yz-

4. Conclusion

Using the perturbation method, we study theo-
retically the spin current density and its heat effect in
a multichannel quantum wire with Rashba spin—orbit
coupling. The heat generated by the spin current is
calculated. By theoretical calculation, we find that
with the increase of the width of the quantum wire,
the spin current and the heat produced both exhibit
When
the quantum-channel number is doubled, the oscilla-

periodic oscillations with equal amplitudes.

tion periods decrease by a factor of 2. We conclude
that the effect of the quantum-channel number on the
spin current density j, ., is greater than that on the
spin current density js ... For the spin current js .y,
we can control the amplitude of the spin current by
controlling the number of the quantum channel. The
strength of the Rashba spin—orbit coupling is tunable
by the gate voltage, and the gate voltage can be var-
ied experimentally, which may offer a new method to
detect spin currents. All of these spin current char-
acteristics will be very important for detecting and
controlling spin current, and especially for designing
new spintronic devices in the future.
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