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Spontaneous spin-polarized current in a nonuniform Rashba interaction system
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We investigate electron transport through a two-dimensional semiconductor with a nonuniform Rashba
spin-orbit interaction. Due to the combination of the coherence effect and the Rashba interaction, a spontane-
ous spin-polarized current emerges in the absence of any magnetic material and magnetic field. For a two-
terminal device, only the local current contains polarization; however, with a four-terminal setup, a polarized
total current is produced. This phenomenon may offer a different way to generate a spin-polarized current, in
addition to the traditional spin-injection method.
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How to generate a spin-polarized current in a semiconeurrent. For simplicity, we assume two paths for an electron
ductor (SC) has been one of the most significant and chal4traveling from one terminal of a sample to the otfgze Fig.
lenging issues in condensed matter physiésApart from  1(a)], andt; andt, are their respective transmission coeffi-
the fundamental physics interest, it may also have directients. Because the Rashba interaction streagigh tunable
commercial applications. Over the past several years, the isn experimentd2 we choose different in the two paths. An
sue has attracted great experimental and theoretical effortgxtreme case i&=0 in one path, e.g., path 1, and a laige
Due to the fact that semiconductors are in general spin ung path 2. This particular choice is not essential, but it brings
polarized, the key for generating polarized current in previ-, i the physics more clearly. Due to the Rashba interaction,

ous wolr ks W(?.S Ithrough fspin injecltio_n, (ljﬂamely, to p][oducean extra phase is generated when an electron passes Path 2.
spin-polarized electrons from a polarized soyres., a fer- In particular, this phase is dependent on the spin of the inci-

romagnet(FM) or polarized photohand then inject them oo oloctron. For a spin-up electron, the extra phase=is
into a SC. However, among the currently existing Spm'—kRL:—am*L/hz (whereL is the length of path 2 anat is

injection method$;® none is very satisfactory. For the spin the electron effective massassuming that the Rashba en-

injection from a FM to a SC, its spin-polarization efficiency ergy is weak compared with the kinetic energy. On the other

is usually low with a typical polarization of around 1%60r L .
the polarized optical methods of spin injection, it is difficult "@nd, the phase isg=kgL for a spin-down electron. If only

to integrate with electronic devicés. to consider the first-order tunneling process, the total trans-
Very recently, based on the Rashba spin-of8i) inter- ~ Mission pgobat_)ility_ for the spin-up incident electronTs

action, some theoretical works proposed different approaches/ta*1:€¥% which in general is different from that for the

to generating a spin-polarized current without FM

materials®~8 For example, lonicioiu and D’Amico proposed @ d © -

a spin-polarizing device consisting of a Mach-Zehnder inter- Wa 111 Wi
ferometer with a Rashba SO interaction on one arm and a oo wif T '
threading magnetic flux passing the rif§The Rashba SO he —— Y
interaction is an intrinsic interaction in a two-dimensional (b) i -

electron systeni2DES of SC heterostructuré8:* It origi- — — 4% aR

nates from an asymmetrical-interface electric field, i.e., the
asymmetrical potential energy in the direction perpendicular
to the interface. The strength of the Rashba interaction can
be tuned and controlled by an external electric field or gate
voltage’?

In this paper, we predict that a spin-polarized current
spontaneously emerges in the SC in the presence of a non-
uniform Rashba SO interaction. In particular, this spin-
polarized current is an intrinsic property of the nonuniform
Rashba SC, and it does not need any magnetic materials or a gig. 1. (Color onling (a) Schematic diagram for an electron

magnetic field. While under a voltage bias, a local polarizedransport through two paths in a two-terminal devig®.Schematic

current is produced everywhere, but with zero total polarize@jjagram for an open multiterminal device made of semiconductor

current. However, for an open multiterminal setup, a total2pGs with four split gatethe black region The Rashba interac-

polarized current emerges. Thus, our proposal offers an efftion in the deep gray region differs from the rest of the syst@n.

cient and simple method to generate a spin-polarized currendnd(d) are the configurations for the specific two-terminal and four-
We first show the principle of generating a spin-polarizedterminal systems, respectively.
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spin-down electron, T =|t; +t,e7¢% Therefore, a spin-
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at the subband with the spin indexs and the energf from

polarized current is spontaneously generated, and its polaterminal |, and, to neglect the mixing of the intersubband in

ization p at zero temperature is

T,-T 2|tyt,|sin sin @
T +T, [t +[t?+ 2ltytycosd cose’

p= (1)
where 6 is the phase difference betwetnandt,.

Next, we consider a specific two-dimensional and two-
terminal SC system, shown in Fig(cL.** In this device, two
wires, Il and Ill, are in the center region. In order to show

that our results are general, we choose the system without the

mirror symmetry. In this setup, an incident electron from
terminal | traveling to terminal IV has two paths, i.e., passing
region Il or Ill. If the Rashba interactioa’s are different in

regions Il and IlIl, the above-mentioned coherent effect will

regions Il and 111}317 the wave functionsP(x,z) in the re-
gions | to IV are written as follows?

- .
el (D)5 + D 1€ el (2)s
m

S af Sl (s + S an gl (2)s
Dd(xy)={ "

“x

I+
koox
S"Pm

S bt (s + D b gkl (2)s

LIV
E tmngkmx¢lr>1/(z)s
m

occur. Then a spin-polarized current should be generate@=1/1 or £1 is the spin index, and also describes the

although there is no magnetic material or magnetic field.
The Hamiltonian for the two-terminal systefig. 1(c)]
is
2 2
Pxtp a
Hz#"'v(xaz)"’%(asz_axpz)! 2
whereV(x,2) is the potential energy. Here we [{x,z)=0
in the regions | and IW/(x,z)=V, (or V) in the region ll(or
1), andV(x,2)=< in other regions. The last term in E@®)
is the Rashba interaction anex,z) describes its strength.
For simplicity, we assume that=0 in the regions | and 1V,
and a=a, and a3 in the regions Il and lll, respectively.

corresponding spin states, in whig¥(1,0)" for 7 ands
=(0,1)T for |. cpﬁ(z) (B=1, 11, I, and IV) are orthonormal
transverse wave functions for the subbaméh the regiong.
KV and k% (y=Il or Ill) are the corresponding-direction
wave vectors with K/V=\/(2m' /#2)(E-E/V) and k72
:iN/(zm*/ﬁ?)(E—vy—Emkéy—squ, in  which kg,
=a,m’/4? and EZ=(#2/2m")(mm/WP)2. tns and rpns are
the transmission and reflection amplitudes, afig,andby,
are constants to be determined by matching the boundary
conditions. Here the boundary conditions '8¢
(D(Xaz)|x:O‘IL‘: CI)(sz)|x:0+/L+ and ax CI)(sz)|x:0‘/L‘
=0, D(X,2)|yegr++(2IU/R)P(O/L,2), where 0,=(py
+o,hikg)/m’ is the velocity operator, and, are the Schottky

Boundary matching is employed to solve for the transmis-§ barrier potentials at the interfac&sAt the interface ofx

sion coefficient$>1% Assuming that the incident electron is

p

0,
>a oh(2)s+

QDIn(Z)S"' 2 rmnsﬁD:n(Z)S: < 0,
" S bt e (2)s+

0,

\\
k|r1¢|n(2)5_ E l'mnKm(le(Z)s

> ahn Kb+ Skep) (s + > an Kb+ Sk,

L]
m

2 brndks +Skra)@

(2)s+ X bndkms + Skea)o

=0, for example, we have from the boundary conditions,

> annem(Ds,

a <z=a +W;

a +W;<z<zh

3

> b (2,

zh<sz<zh+W,

zh+W,<zs=sW_

2iUgm’
hZ

)oh(2)s+ ®0,2, a <z<a +W,

: (4)

2iU,
ﬁ2

1l
m

m*
(2)s+ ®(0,2), zh=z<zh+W,
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wherezh=a, +W+D. Next, multiplying ¢; (2)s" in the two
sides of the Eq(3) and then integrating overfrom 0 toW,,
Eq. (3) changes into

- rjns+ E Ajmar-:ms"' 2 Ajmaf_ﬂns+ 2 Bjmb;wns"' E Bjmbmns
m m m m

= 5r‘|j! (5)

where

atWq .
Apm= J dze] (2 en(2),

a

zhtW,
Bjm = f dzpi (2o (2).

zh

Similarly, we multiply ¢} (2)s" [or ¢"" (2)s] in the two

sides of the firstor second part of Eq.(4) and integrate over
zfrom a, (or zh) to a, +W; (or zh+W,). Then Eq.(4) reduces
to

2iUom’
3 ot |+ skt 297 Lo o
m
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FIG. 2. The local spin polarizatiop(x,z) vsx,zin region IV for

the two-terminal device. The parameters ®e=0, V3=-0.02 eV,

E-=0.013 eV,U=2m"Uy/%?=0, andkg7=0.

djxs
dv

_ e - of(E) 1 ANy
- h de ﬁE % kn Re[% tmnse m m(z)

x[ztmngxmék%xgomz)],

gXS(Xr Z) =

(8

where f(E)=1/[exgEF/e7+1] is the Fermi distribution

function, with Ex being the Fermi energy.

We numerically study the conductance dengify(x,z)
and the local spin polarizatiorp(x,2z) =[gx;—0x1/[9x;
+0x,]. In the numerical calculations, we choose the system
sizes to beW, =Wgz=L=100 nm, Ws=W,,=30 nm, a, =0,
ar=30 nm, andD=10 nm. We also sekgr;=0 and kg,
=0.015/nm, with the correspondingy,=#%%kg,/m ~3
X 10 eV m for m"=0.036n,. Figure 2 showsp(x,2) in
region IV. Herep(x, z) is clearly nonzero, and it can be over
15% at some locations. This means that the coherent effect as
shown in Fig. 1a) indeed plays a role in a finitg(x, z). For
a further verification, we also study the following two cases

By using the same method, we also can obtain anothefor which the coherent effect is expected to vanishclos-
three series of equations from the boundary conditiongng one channel, e.g., to make region lll very narraii)
atx=L. Combining them and the series of E¢9—(7), there  setting to be equal in both regions Il and I(l.e., setting
are six series of equations all together. From these seriess,=«;). Indeed, we findp(x,z)=0 in both cases for any
of equations, the six groups of unknown quantitieg, (X,2).

@nns @mns Bmng Bmne @nd tmns can exactly be obtained  Now we show the behavior of the local spin polarization
straightforwardly. Notice that here all orders of reflectionp(x,z) in detail by plottingp(x,z) [the red dotted curve in
and tunneling processes have been included. Also noticpig_ 3(c)] and the corresponding conductance dengity,
that although the amount of the subbands in each regiofsee Fig. 8)] versusz at x=100 nm, i.e., the dotted-line
is infinity, we can take it as a large but finite numtterg.,  position in Fig. 2. Figure @) exhibits thatgy; andgy, have
100 in the numerical calculations. We have checked that oug, clear difference. In particular, at the peak positioygf
results remain unchanged when more subbands are consighis difference remains, and it even reaches the largest value.

ered. After solvingt,,,s the transmission probabilitys can
be obtained through the reIatioTﬁs(E)=Em,n0(E—E'n)0(E
—EN) (kY k) |tmnd?. Similarly, the currentor conductance
density at an arbitrary locatiofx,z) can also be obtained.
For instance, the conductance densgjfyx,z) in the x direc-
tion in region IV is

Moreover, the total conductanoB¢=fdzg(X,2) is quite
large, (e.g.,GT:Glzl.Zezlh for the parameters of Fig. 2
and Figs. 8 and 3b). This means that this system can
generate a large current density with a large local spin polar-
ization. More importantly, the above property always sur-
vives, as long as the system size is within the coherent
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system, since there is no spin-flip procés¥, the spin-up

and spin-down electrons can be treated as two independent
subsystems. In the spin-up system, when an electron passes
the lower channel, an extra phase —kg,L is added because

of the Rashba interactidi.This extra phase plays the same
role as if an external magnetic flux threaded &i&loop, and

then we haveT,(E)=T(E, ¢). Similarly, for the spin-down
system, a fictitious magnetic fluxg-appears, and | =T(E,

-¢). Therefore, T(E)=T(E) and Gs=(¢*/h)[dE
-df(E)/ JE]T{(E) must be spin unpolarized, i.65,=G, for

-0.1 “~/ LT N any two-terminal devices.
0 20 40 60 80 100 20 40 60 80 100 In order to obtain a polarized total conductar(og cur-
z (nm) z (nm) rent, we devote the rest of the paper to studying four-

terminal devices. Consider a specific four-terminal device as
FIG. 3. (Color onling (a) and (b), g; (black solid curvé and ~ shown in Fig. 1d), in which the right(outgoing terminal

gx, (red dotted curvevs z for x=100 nm[in (a)] andx=1000 nm  (the original region IV is split into three terminals at the
[in (b)]. (c) p(x,2) vszfor V3=-0.023,-0.0Zthe red dotted curye  positionx=L +L,. Assuming an incident electron from termi-
-0.026, -0.028, and -0.031 eV along the arrow directit).  nal I, the wave functiorb(x,z) in the regions I-VlI[see Fig.
p(x,2) vs z for the cases ofi) x=1000 nm(red dotted curvg (i)  1(d)] can be written similarly as it is for the two-terminal
U=0.2/nm (blue dash-dotted curye (i) D=20nm andag  case. By matching the boundary conditionsxa0, L, and
=20 nm(black solid curvg, and(iv) Er=0.05 eV(magenta dashed | +|, the transmission amplitude§, (E) (8=V, VI, and
curve. The other nomentioned parameters(@y (b), (¢), and(d)  v/||) from thenth subband of terminal I to thetth subband
are the same as for Fig. 2 andxa100 nm. of terminal 8 can be exactly obtained, although the deductive

process is more complicated here. Afterwards, the transmis-
length. For example, at=1000 nmgy; andgy, still have a  sion probability T5(E)==, ,0(E-E,) (E-ES)kE/k|tE J2
large differencdsee Fig. 8)] andp(x,z) can exceed +10% and the conductancef=(e?/h) [ dE[-df(E)/JE]TE(E) can

in a wide range of [see the red dotted curve in FigdB].  also be calculated. In the numerical calculations, we choose
Next we investigate how the local spin polarizatigix,2)  the device geometry in the following manner: the left side
depends on sample parameters. and the center regions Il and Ill are the same as for the

(i) When the potentiaV/; varies slightly,p(x,z) changes two-terminal device, and the sizes on the right ae
substantially. It can vary from the largest positive value to=50 nm, Ws=W,=50 nm, W=30 nm, Wz=200 nm, and
the largest negative value and vice vefrsee Fig. 8)]. This  L,=100 nm[see Fig. 1d)]; To simplify, we set the potential
characteristic is very useful. Becauggcan be controlled by energyV and the Rashba interactianin the regions I, 1V, V,

a gate voltagep(x,z) can also be tuned and controlled in an V|, and VIl to be zero. In a multiterminal device, the total
experiment. conductanceﬁf and the total current are spin polarized, so

(i) If there exists an interface potentiél,, p(x,2) is  we focus on G? and its polarization p? [pﬁz(Gf
barely affected. It may still exceed 10Pgee the blue dash- —G'f)/(Gf+Gf)], instead of the local conductanggdx,2)
dotted curve in Fig. @)]. But the conductanceSs andgyxs  and the local polarizatiop(x,2) as in the two-terminal case.
are weakened by a lardgy. Figures 4a) and 4b) show the conductance!' and its

(iii ) With an increased distand2 between the two chan- polarizationp"' versus the potentials. GY' and G§/l show a
nels, the overlap of the two outgoing waves from the twojarge difference. This difference can be more than €5
channels is smaller, sp(x,2z) will reduce slightly[see the gnd p¥' can exceed +10% in a wide range \¢§. p¥' versus
black solid curve in Fig. @))]. But [p(x,2)| can still exceed v, exhibits an oscillatory behavior. In particular, it can oscil-
5% for D=50 nm. late from a maximum positivéor negative value to a maxi-

(iv) With a larger Fermi energ§y, more subbands in mum negative(or positiv value with changingVs. This
regions |-V are available that increa&g and gxs Mean-  characteristic is very useful, meaning that the spin-polarized
while the variation ofp(x,z) versusz exhibits a stronger direction and strength can be conveniently controlled in an
oscillation, and its amplitude decreases sligltige the ma- experiment by tuning the potentidl;. For the other two

genta dashed curve in Fig(d3]. terminals V and VII,GY""" andp¥V" have similar behaviors.
We emphasize that although the local spin polarizatiorBelow we emphasize two points:
p(x,2) is fairly large almost everywherd,the total conduc- (i) It is the total conductanc@r currenj that is polarized,

tanceG; is unpolarized(i.e., G;=G) for any two-terminal  not only the conductance density with local polarization.
devices, because the two-termin&B setup has a phase- This polarization can survive within the spin-coherent length
locking effect??> We prove the above statement in detail be-instead of the electron-coherent length, as in the two-
low. Due to the current conservation and the time-reversajerminal case. Usually, the former may be much longer than
invariance, the transmission coefficient for a two-terminalthe latter??

AB system without the spin degrees of freedom has the prop- (ii) In the present device, the spin-polarized current is
erty of T(E, ¢) =T(E, —¢), the so-called phase-locking effect, generated without a magnetic material or a magnetic field. In
where ¢ is the magnetic flux through th&B loop2® In our  the zero-bias case, anywhere inside the sample is nonmag-

155321-4



SPONTANEOUS SPIN-POLARIZED CURRENT IN A

(©q01 _
= 00
- I 1
T, 06 4-01
) ! 0.015 0.020
104 E, (8V)
>(_") ey T 0.1
“Joo o
i FN (-0
s [ 0.02 0.04 0.06
o ! Ky, (1/nm)
[ 01
[ L N 1 N 1 3 0.0 >n'
-0.03 -0.02 -0.01 0.00 -0.1
v, (eV) 0.02 0.04 0.06
8 ke (1/nm)

FIG. 4. (@ GY' (solid) andG" (dotted vs V. (b) p' vs V3 for
E-=0.013 eV(solid) and 0.015 eMdotted. (c) p¥' vs Eg. (d) pV'
vs kg, for EF=0.013 eV(solid) and 0.015 eV(dotted. (e) p¥' vs
krs for kr,=0.015/nm(solid) andkg,=0.03/nm(dotted. The other
nonmentioned parameters {g)—(e) are V,=0, V3=-0.02 eV, kg,
=0.015/nmkgz=0, andEL=0.013 eV.
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(iii) Figure 4e) showsp"' versuskg; (i.e., as). Clearly
krs=0 is not essential for a nonzew’. As long as|kgs
—kgo| # 0, a spin-polarized current appears.

Finally, let us discuss the realizability. To add a gdte
deep gray region in Fig.(l)] in a SC 2DGS, one can make
the Rashba interactiam in this region different from thex in
other regiong? Then, under a bias, a local spin-polarized
current is automatically induced. If four extra split gaftdse
black one in Fig. tb)] are added to form an open multiter-
minal device, a total spin-polarized current is generated from
the source to the drain. Notice that the device in Fidp) 1
was realized about 15 years atfoMoreover, this device is
much more open than the above-mentioned four-terminal de-
vice [Fig. 1(d)]. The phase-locking effect is more severely
destroyed; hence, this kind of setup will have a much larger
p. In fact, if the system is sufficiently open, then only the
first-order tunneling process exists due to the current bypass
effect, and the spin-polarizatiop can reach 100% aft,]
=|t,| and =¢p=m/2 [see Eq(1)].

In summary, we propose a different method for generating
a spin-polarized current, in addition to the traditional spin-
injection approach. Here the spin-polarized current is in-

netic. When a bias is added, a spin-polarized current spontgyced due to the combination of the quantum coherent effect
neously emerges due to the coherent effect and a nonuniforghg the Rashba spin-orbit interaction. In the two-terminal

Rashba interaction.

We now study how the polarization’' depends on other
parameters:

(i) p¥' versus the Fermi energle exhibits disorderlike

device, a local spin-polarized current is produced, while in

an open multiterminal setup, a total spin-polarized current

emerges in the absence of magnetic material or an external
magnetic field.

oscillating behavior, and the amplitude slightly weakens at

high Eg [see Fig. 4c)].
(ii) pY' versuskg, (i.e., a) is a sinusoidlike curve with the
period ~27 [Fig. 4(d)]. But it is not an exact periodic func-
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