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Spin filter effects in an Aharonov-Bohm ring with double quantum
dots under general Rashba spin-orbit interactions
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Abstract

Many researchers have reported on spin filters using linear Rashba spin—orbit interactions (SOI).
However, spin filters using square and cubic Rashba SOIs have not yet been reported. We consider
that this is because the Aharonov—Casher (AC) phases acquired under square and cubic Rashba SOIs
are ambiguous. In this study, we try to derive the AC phases acquired under square and cubic Rashba
SOIs from the viewpoint of non-Abelian SU(2) gauge theory. These AC phases can be derived
successfully from the non-Abelian SU(2) gauge theory without the completing square methods. Using
the results, we investigate the spin filtering in a double quantum dot (QD) Aharonov—Bohm (AB) ring
under linear, square, and cubic Rashba SOIs. This AB ring consists of elongated QDs and quasi-one-
dimensional quantum nanowires under an external magnetic field. The spin transport is investigated
from the left nanowire to the right nanowire in the above structure within the tight-binding
approximation. In particular, we focus on the difference of spin filtering among linear, square, and
cubic Rashba SOIs. The calculation is performed for the spin polarization by changing the penetrating
magnetic flux for the AB ring subject to linear, square, and cubic Rashba SOIs. It is found that perfect
spin filtering is achieved for all of the Rashba SOIs. This result indicates that this AB ring under general
Rashba SOIs can be a promising device for spin current generation. Moreover, the AB rings under
general Rashba SOIs behave in totally different ways in response to penetrating magnetic flux, which is
attributed to linear, square, and cubic behaviors in the in-plane momentum. This result enables us to
make a clear distinction between linear, square, and cubic Rashba SOIs according to the peak position
of the perfect spin filtering.

1. Introduction

Recently, many researchers have paid much attention to spintronics for its application to spin functional devices
and quantum computing. One of the main purposes of spintronics is to make spin transistors and
magnetoresistive devices by utilizing electron spin [ 1-7]. The generation of spin current is significant in order to
realize these devices in the future. Moreover, spin current generation without ferromagnetic metals is a key issue
for spintronics devices. The spin—orbit interaction (SOI) is expected to be a promising ingredient for this
purpose. Since it has been confirmed that the strength of the Rashba SOI can be easily controlled by an external
electric field [4], the theory of devices using SOI as a spin filter is very important in the field of spintronics. The
spin-filtering devices can be used to generate and detect spin polarized currents [8, 9]. There exist spin filters
using ring-type conductors or two path devices [10—16]. This opens up the field of spin-dependent Aharonov—
Bohm (AB) physics. The AB ring-type spin-filter devices frequently utilize linear Rashba and/or Dresselhaus
SOIs. Generally, the spin-splitting of electrons and light hole states is proportional to wavenumber k and the
splitting of heavy hole states is proportional to k> [17]. Until now, only linear Rashba SOT was taken into
consideration for electrons. However, cubic Rashba spin-splitting has recently been found in a quasi-two-
dimensional electron system [18]. Also, the square Rashba effect has been found in bilayer graphene [19].
Therefore, we must take into consideration the square and cubic Rashba effects in spin-filtering devices.

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. (a) Double QD AB ring and (b) the tight-binding model.

However, the Aharonov—Casher (AC) phases acquired under square and cubic Rashba SOIs are ambiguous. In
this study, we try to derive the AC phases acquired under square and cubic Rashba SOIs from the viewpoint of
non-Abelian SU(2) gauge theory without the completing square methods. Using the results, we investigate the
spin filtering in a double quantum dot (QD) AB ring under general Rashba SOIs.

2. Theory

2.1.Modeling and tight-binding approximation
The double QD AB ring consists of two elongated QDs and quasi-one-dimensional quantum nanowires (QN's)
under an external magnetic field B.y as shown in figure 1(a). The two QDs and the four oblique QN are subject
to general Rashba SOI and the left and right straight QNs are free of Rashba SOI. The spin transport is
investigated from the left nanowire to the right nanowire in this structure within the framework of tight-binding
approximation as shown in figure 1(b).

Within the framework of the tight-binding approximation, the Schrédinger equation for the wave function
| W) at site nis described as follows [14]:

(6 = &)%) = 3 ViU | %)
= =3 Jom U | ¥ €]

where € is the eigenenergy, €, is the energy of site n, V,,,, is defined as (¢, | v,| ¢,,), and J,,,,, is the hopping energy
—/2V
2me

function of site n without interaction, and v,, is the single-site atomic potential of site #. In (1), U,,,, isthe 2 x 2
unitary matrix describing the AB [20] and AC phase [21] that an electron acquires when it travels from site 11 to
site n. The AB phase is attributed to the magnetic flux penetrating the ring and the AC phase is attributed to the
SOl like Rashba effect. In order to know the AC phase acquired by the SOI, we need to know the gauge field. The
method of completing the square of the Hamiltonian is only useful for linear Rashba and linear Dresselhaus SOIs
[22]. This method is useless for square and cubic Rashba SOIs.

2
between site n and site m which is defined as (¢, |¢,,,)- Here, m, is the electron mass, | ¢,) is the atomic wave

2.2. Effective fields for general Rashba SOIs
The Hamiltonians Hg;, Hgy, and Hg; for linear, square, and cubic Rashba SOIs have the following forms,

respectively:
HRI = %kjl(kya'x — kXO'),) = ﬁ;:jla' . ERI(E)) (2)
= 8 (6 o - (k') = 20 () ®
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Figure 2. The contour maps in k-space for (a) linear k, (b) square k, and (c) cubic k Rashba effective fields.
gu p % q
fi k 3 3 Skps . = (-
Hp; = £ ((k—) o — (k+) 0'—) =—"5: BRa(k), 4)
ﬂ’l e kF me

where %2 is the Planck constant divided by 27, kg, kr,, and kg3 are the SOI strengths of the linear, square, and
cubic Rashba effects, respectively, kg is the Fermi wavenumber determined by the chemical potential,

Br (I? ), Bro (I? ),and Bys (E ) are effective magnetic fields for their SOIs, k. and k, are the wavenumbers in the x-
and the y-directions, respectively, k. = k. & ik, and ox = (o} * i0;)/2. Here, 0y and o, are the x- and y-
components of Pauli matrix vector & . These SOIs affect the motion of electrons as effective magnetic fields as
described in equations (2)—(4). These effective magnetic fields are explicitly written by the following equations:

Bri (k) = (ky — ke, 0), )
Bio(K) = (2keky, K} — K2, 0), (6)
Bis (k) = (3k2ky — k), 3kek? — K, 0). )

The above effective magnetic fields are generated by non-Abelian gauge fields [23—-25]. Figure 2 shows the
contour maps of the above effective fields.

We find that the spin of the electron rotates once, twice, and three times around the origin in k-space under
the linear, square, and cubic Rashba effects, respectively.

2.3.SU(2) non-Abelian gauge and AC phase

Itis convenient to redefine the axes at each point k such that the reference k,-axis is aligned to the direction of
the local effective magnetic fields. In order to perform such a rotation, we need a unitary matrix U (E ) which
satisfies U, (IZ)Jr (71 - 6) Uy (E) = o,, where #; = By; (1?)/|1§’R,~ (E) |, i = 1,2, 3). This rotation is a kind of local
gauge transformation. Under the local gauge transformation U, (k), these Hamiltonians transform to the
following equations,

Hp; = ﬁZkRIU ERI(E) , (8
Hp, = ﬁ::jzo' ERz(E) ) ©)]
His — ﬁZ‘faZ B (F)|. (10)

In general, the local gauge transformation U, (k)is given by
Ug(l?) - m(l?) . &, (11)

where 71 is a three component unit vector given as

m = | sin @ cos ¢(E), sin

2 2

sin ¢(E), cos

Here, 6 and ¢ are defined as Bri = |Bri (E) |(sin @ cos ¢, sin @ sin ¢, cos 0) wherei = 1,2, 3. IERi (E) |is the
magnitude of the each effective magnetic field. Since this is the local gauge transformation, we can obtain the

3
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next SU(2) non-Abelian gauge field Ay, in reciprocal space.
Ay, = iUy (K)o (F)
k

3

)9)

-0 a(5) 019 N
)-2) ”
+ a(ﬁq(ié) x 8,(1,;?1(1_{))

= (5(7) < o0 (7)) 5= ¥ Aen

a=x,y,2

I
A
3
|
N—
Q
=
3
—
)

where k; = k, k, and k,. The gauge field is explicitly written in a vector notation with respect to the spin index «
by the following equation:
) —0i,0 sin ¢ — sin 0 cos POy,
A'kt. = 3 Ok,0 cos ¢ — sin 0 sin pOy,¢ |- (14)
(1 — cos 0)Oy,0

The corresponding field strength F,, is defined by
« « ié « Iéi
/w - (a A a1/Aﬂ )o'a - %[A,u, (o) Ay Uﬂ]) (15)

where € is the coupling constant of the SU(2) gauge field, which contains the SOI strengths implicitly [22]. In
fact, since the Ay, is a pure gauge, the field strength equals zero identically. Therefore, we have to apply an
approximation to the non-Abelian gauge in order to derive the finite effective magnetic field. Now, we impose
the adiabatic approximation (AA), which corresponds to keeping only the diagonal terms of A;, mathematically

[26]. As aresult, we obtain an Abelian gauge field known as the spin Berry connection A (E , §),wheres = +1

corresponds to the majority and minority spins, respectively. The Abelian gauge field A (k, 5)is explicitly
given by

—»ad (7> N
A"k, s) = =1 — cos O) Vi . 16
(F.s) = 3« )Vid (16)
In this study, we can set § = g since the Rashba effect works in-plane space. Then, equation (16) reduces to
—ad (7 S
A"k, s) = =Vio. 17
(. s) = SVio (17)

Using equation (17), the Abelian gauge fields of the linear, square, and cubic Rashba SOIs for the majority spin
are given by the next equations, respectively,

A () = %f(—ky, . 0), (18)
/Xﬁf( ): ( 2Ky, 2ks, 0)), (19)
A’Qf( ) ( 3Ky, 3k, 0)), (20)

where k| = | [k + ky2 is the magnitude of in-plane wavenumber. In reference [22], the method of completing

the square was used in order to derive the AC phase using A* and A” components in spin-space. However, the
technique of completmg the square is not applicable for square and cubic Rashba SOIs. Therefore, we have to
utilize the fact that A” are related to A* and A” components in spin-space since the field strength of equation
(15) vanishes identically:

2é

(0,47 — 0,47 )0 = (0,4 — 0,47 Yo — (0,A) — D,A) oy — ;eamAﬁ‘Af o,
- (aﬂA’c DAy + 6a3xA"A,,)a'x (a#Ay O] + = gaﬂyAaA,,)

2¢
ﬁe casnASAL o, (21)
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where €, is the Levi—-Civita symbol. This equation always holds in any space. Hereafter, we do not restrict
and vin k-space. Moreover, note that o, is the diagonal matrix and that both o} and o, do not have the diagonal
elements. Therefore, this identity equation should result in the following equations:

(aﬂA;c — 0,AF + zﬁ_egaﬁxA;Af)ax + (8,1A3 — 0,47 + ;—eeaﬁyA;Ag)ay —0 22)

. . 2% o
(0,47 — 0,470 = — —Caelh Ala,. (23)

These equations are exact for a pure gauge. Although the AA keeps only the diagonal element (A%), itis
found that the AA corresponds to keeping only the diagonal elements of the field strength F,,, of equation (15)
from the above equations. Namely, while keeping equation (22), it is only necessary to remove the left-hand side
or the right-hand side of equation (23). Therefore, there exist two methods for the AA. The first method is to
eliminate both A™ and A” while keeping A, which is a well known method. This method keeps equation (22)
naturally. The second method is to eliminate A” while keepingboth A™ and A” under the next condition. The
condition is to keep equation (22), which imposes constraints on both A* and A”. These are 0,A; — 0,A; =0
and 9,A;) — 0,A] = 0.Asaresult, the field strength F,, of equation (15) in the AA can be rewritten by the
following equation:

Fil = (9,47 — 0,47 )0 + i—eeang,’fAf 0. (24)

24

Although the first term or the second term of equation (24) is zero in the AA, equation (24) is intentionally
expressed in explicit form. Equation (24) is equal to zero identically by equation (23) if an approximation is not
used. In the AA, the field strength F,,, can obtain a finite value by eliminating A" and A” (the first method).
Then, the field strength F 2‘1 is given by the following equation:

v

Eid = (9,A7 — 0,47 0. (25)

This is because the second term of equation (24) is set to zero. Conversely speaking, the same field strength F, ZS in

the AA can also be obtained by eliminating A“ while keeping both A* and A” under the above mentioned
constraints (the second method), which means that the first term of equation (24) is set to zero. Then, the field
strength F4 is given by the following equation

w

28 28
FYd = ;eﬂﬂzA;%Af o, = ;(A;‘A,i’ — AJAY)e. (26)

v

Consequently, the field strengths of equations (25) and (26) are exactly the same. However, this method is not
applicable in k-space because the constraints (9,4, — 9,A; = 0and 9,A) — 0,A) = 0)donothold. On the
other hand, this situation happens in the case of the linear Rashba SOl in real space [22]. Namely, the scenario of
the AAby A" and A” isrealized naturally in the case of the linear Rashba SOl in real space.

Since the field strength F, Z‘s is a 2-rank tensor, the rule for the field strength tensor transformation from

some b -space into another a-space is generally as follows [26]:

ng(a) — ZZ ZIZ F;g(y). 27)

When we regard 4 as ¥ and regard b as k, we can map the field strength F (k)in k-space to the field strength

L
ng (7) inreal space. This means that we can obtain equation (26) in real space from the field strength F, ;‘S (k)in
k-space using the adequate transformation even though the AA of the second method happens naturally for the
linear Rashba SOl in real space. As a result, we can conclude the following: the AA of the second method can be
also realized for the square and cubic Rashba effects in real space using the same transformation as that for the
linear Rashba effect, taking into consideration that AM (= A®) in k-space for the square and cubic Rashba effects
are the same dependence on k as for the linear Rashba effect from equations (18)—(20).

In summary, in the AA, it can be found that the charge to which A (= Kad) couples is exactly the same one
towhich A" and A” couples under the above constraints according to equations (23)—(26). Namely, the effective
magnetic field generated by A” is equivalent to the field which A* and A” induce under the above constraints.

Next, we would like to know the unitary matrices for AC effects induced by general Rashba effects. In real
space, the unitary matrices Uyc;, Uacy, and Uyc; for AC effects induced by linear, square, and cubic Rashba SOIs
can be obtained by the following equations, respectively:

5
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UACl—exp(— %j;zgff( ) dr O'Z)

1

= exp(i% j:z jocglzf(k)exp(ilz . ?)dzk - d7 o‘z)

= eXP(id)ACl O'Z)’

where ¢y, = ——frz qad - d7, (28)

2 —'ad
Uycz = exp *l—f AR2 - d7 0'2),
+00 ﬂad -
= exp| —i& f f Ay (R)exp(ik - 7)ok - a7 az),
= exp —1—f f ZA;f exp(iE . ?)dzk - d7 crz),

= exp —Zi%JZZA'Qf( ) dr O'Z) = e)(p(iZqzﬁAC1 O'Z), (29)

1

Uycs = exp —l—fz _’ad - dr O'Z),
= exp —1—f fﬂoA'}:;i exp(iE . ?)dzk - d? o’z),
= exp —1—f f+oo 32;? exp(lk )dzk dr 0'2),

= exp —31% f zA}?f( ) - dF crz) = exp(i3¢yc; ), (30)

where &%k (= dk.dk,) is the two-dimensional k-space differential element. Here, equations (18)—(20) are used.
Also, we assumed that the SOI strengths kg, kr,, and kg are equal and that the rotation axis of the spin is in the
z-direction, which do not lose generality. As a result, it is found that we can derive the unitary matrices for AC
effects in real space under square and cubic Rashba effects easily once we know the unitary matrix for AC effects
under the linear Rashba effect in real space. Then, it is well known that the linear Rashba SOI in real space has the
charge 6 = 2kg, with respect to the non-Abelian gauge in the notation of equation (2) [22] and that the unitary
matrix Uyc; for the AC effect induced by linear Rashba SOI in real space can be expressed by the following
equation [14, 22]:

Usc1 = eXP(iBACI . 3‘)> (31)
Brct = kR1D(*dy, dy, 0)> (32)

where D s the length of the path in real space, and d, and d, are the x- and y-components of the unit vector d in
the direction of the path. This equation describes the rotation about the z-axis in real space, which can be proved
using the Baker—Campbell-Hausdorff formula [22]. Also, double and triple spin—orbit strengths correspond to
the double and triple rotation angles. Therefore, taking into consideration equations (28)—(32) and different SOI
strengths, we can obtain the following 2 x 2 unitary matrix Uy for AC effects induced by general Rashba SOIs

in real space:
Usc = exp(iBic - &), (33)
where each BAC is defined by the following equation for linear, square, and cubic Rashba SOIs, respectively.
BAC = leL(—ly, L, 0) = al(—ly, L, 0), for linear Rashba, (34)
BAC = kRzL(—Zly, 21, 0) = az(—Zly, 21, 0), for square Rashba, (35)
BAC = kR3L(—3ly, 31, 0) = 043(—31),, 3L, 0) for cubic Rashba. (36)

Here, oy = kgL, a; = kroL,and a3 = kgsL. Also, I, and [, are the x- and y-components of the unit vector Tin
the direction of the path which an electron propagates from site  to site n. L is the length of the path. Therefore,
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the unitary matrix U, for both the AB and AC effects in real space is written by
Um = exp( 7i2_7rf Aext . df) exp(iBAc . 6'), (37)
Dy JIm

where A'ext is the vector potential of the external magnetic field Buy, ®o = h/eis the flux quantum, eis the
elementary charge, and d[ is the line element vector. As a result, the wave function acquires an AB phase

¢ = 21P /Dy, where P is the magnetic flux penetrating the AB ring, when an electron goes around the AB ring
shown in figure 1.

Finally, we discuss the validity of the AA in a realistic situation. The AA used in deriving the finite field
strength of the Rashba effects means that the interband transition does not occur between the two split bands
with opposite spins. The interband transition induces the rapid spin-flip, which violates the AA. However, the
process can be neglected for the following reason. We consider that the interband transition can be neglected if
the following criterion is satisfied:

AE > kg T, (38)

where AE is the interband gap for the general Rashba effect, kg is the Boltzmann constant, and T 'is the absolute
temperature. The interband gaps AE for general Rashba effects are reported to be about 0.1 meV ~30 meV by
many experiments [4, 18, 27, 28]. In a realistic situation, the present experimental technique enables us to
measure the physical properties at a very low temperature of about 40 mK (3.4 peV). Equation (38) is completely
cleared. As aresult, we consider that interband transition can be neglected in most experiments. Moreover, the
possibility of the spin-flip in the same band has to be considered. The spin relaxation mechanism consists mainly
of Elliot—Yafet and D’yakonov—Perel (DP) mechanisms [29, 30]. In particular, the DP mechanism is dominant in
the ITI-V semiconductors used in making quantum rings and QNs [29-31]. The spin relaxation time 75 in the
DP mechanism is given by the equation [30]

1 (T)’

— = Qu

78 ﬁzEg

Tm> (39)

where Qis the dimensionless factor ranging from 0.8 to 2.7, avis the spin—orbit coupling constant, Egis the
band gap of the materials, and 7,, is the momentum relaxation time. Equation (39) indicates that the spin
relaxation time 75 becomes longer as both the temperature T'and the momentum relaxation time 7,
decrease. In realistic experiments, the spin relaxation time 7s ranges from 0.3 to 4 ns[31]. On the other hand,
the momentum relaxation time 7,, is at most 38 ps at a high electron mobility of 10* m* (V - s)~" in highly
doped (N, = 2.25 x 10"° m™?) GaAs—GaAlAs heterostructures [32]. Then, the Fermi velocity v is

2.05 x 10° ms~' and the mean free path l[g(=vgTy,) isabout 7.8 um. Therefore, the spin of the electron
seldom relaxes in the propagation of the ring in our system because the spin relaxation time is much longer
than the momentum relaxation time. Therefore, the AA is guaranteed. As a result, we can expect that the
following numerical results can be observed in realistic systems.

2.4. Application of the AC phase of general Rashba SOIs to an AB-ring

Now the expression of Uy, has been obtained explicitly and we are going to solve equation (1) after the example
of reference [14]. Only the hopping energy between nearest neighbors is considered to solve equation (1). Except
for the sites 0, 1, a, b, ¢, d’, the hopping energy between the other sites on the leads is a constant energy of V,,
whichmeans Jj, = J; = Jo_1 = J_10 = Vo. In this study, we set the other sites energies on the leads to be zero.
Using the Bloch theorem and equation (1), the energy dispersion of the leads results in e = —2V,cos(ka), where
aisthelattice constant of the leads. The Schrodinger equations for the six sites 0, 1, a, b, ¢, d are described as
follows:

(e ) = i )~ R[] o),

(e )| W) = To) — Jar Uy | W),

€—€b)|‘1’b>= b1|‘1’1> — Jba Upa ‘If>

(e — &) > = Ju U ‘I’d> JeoUeo |V >

(e — Ed)|‘I’d> Jac Uae > — JanUn “If1>,

(e = e)| W) = —h U | %) — haUia | %) — Jio |0). (40)
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After tedious manipulation to remove the wavefunctions |¥,), |0}, |¥,), and | ¥;), we can finally obtain the
following system of equations:

(- m)fw) = |3} 1)
(— B)[m) =" [30) — ) @

where Y isa2 x 2 matrix, and Eyand E, are renormalized site energies of site 0 and 1, respectively. They are
explicitly written as

) 2
Ey= e+ Vo | Jab [ + - Lt P ° "
(e—e)— 72, (e—e&)— =
, 2
Ei=¢+ Ui | 2 Ua :’ +
(fffb)*% (Gigd)i%
JoaJabJp1 Uoa Usp Uy,
(= (e — ) = P
JocJedl
0cJedJdl Uoc Uz Uy 9

S (e—e)e— ) — Ve P

Here, we assume the following solutions for the site # for incoming electrons from the left lead using the Bloch
theorem:

) =

nin> exp(inka) + R

17m> exp(—inka), n <0, (45)

\Iln> =T |771n> exp(i(n — Dka), n>1, (46)

where Risthe2 x 2 reflection coefficient matrix, T isthe2 X 2 transmission coefficient matrix, and |7,,) is the
spin components of incoming electrons. When equations (45) and (46) are inserted into the system of equations
(41), Rand T can be explicitly obtained as follows:

2V, sin(ka)(El TV exp(fika))

R = —-I- - - —
(EO + W exp(flka))(El + Vi exp(flka))l - YY @)
T — i2V; sin(ka) Y
(Eo +V exp(—ika))(El +V exp(—ika))l — YY"
where I'isthe2 x 2 identity matrix. Provided that | & #) are the incoming normalized spinors which are
eigenvectors of the spin along the unit vector +1i, the outgoing spinor | %1, ) is determined by
bl 7, = T [£7i), (48)

where ¢, are the transmission amplitudes for polarized electrons in the direction of the spin axis of the outgoing
normalized spinor |1, ), respectively. Taking the complex conjugate of equation (48) and making the inner
product with the original one, the following equation is obtained:

I = <:|:n‘ 4V sin(ka)?YY' '
’(EO +V exp(fika))(El +V exp(fika))l - YYT’2

‘:i:n>. (49)

If you choose the incoming normalized spinors which are eigenvectors of YY 7, the above equation reduces to

2Vy sin(ka) \/pr

|t:t| = A A > (50)
‘(Eo + VW exp(—lka))(E1 + WV exp(—lka))I — pi‘
where p.. are eigenvalues of YY 7. Therefore, the spin polarization P of the spin filter is defined by
2 _ 42
_ |l‘+|2 |t7|2' (51)
[t ® + Je-]
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Figure 3. The magnetic flux dependences of the spin polarization P of a double QD AB ring in the case of (a) 3 = /6, (b) 8 = /4,
(¢) 8 = w/3,and (d) 3 = 7/2 under the linear, square, and cubic Rashba SOIs, respectively.

3. Numerical results

In this calculation, all the energies can be normalized by the hopping energy V, and we set the energy € to be zero,

which means ka = 7/2. Also, the next condition is imposed in order to symmetrize the system and to simplify
the equation of Y

JoaJav I . JocJeaJan

(e —e)e— ) — Ul (6= e)e—ea) — Vul

(52)

Moreover, the site energies of a, b, ¢, d are assumed to be the same and we set Jo, = Jo. = 2.0, ], = J.g = 5.0,
and J,; = J;; = 2.0 in units of V. Figure 3 shows the magnetic flux dependences of the spin polarization Pofa
double QD AB ring with changing angle 5 under the specific value of ay = a, = a3 = o« = 7/12 for each
Rashba SOI. Here, the angle Bis shown in figure 1(b) and determines the shape of the double QD AB ring. From
figure 3, it is found that the perfect spin filtering is achieved for all the Rashba SOIs. This result indicates that this
AB ring under general Rashba SOIs can be a promising device for spin current generation. Moreover, they
behave in totally different ways in response to penetrating magnetic flux, which is attributed to linear, square,
and cubic behaviors in the in-plane momentum.

Figure 4 shows the magnetic flux dependences of the spin polarization P of a double QD AB ring with
changing SOI coupling constant & = a; = &, = a; under the specific value of the angle § = 7/2.Itis found
that the polarization curve becomes the same form for the adequate pairs of « = n/4and 8 = 7/2 for linear
and cubic Rashba SOIs. This is due to the following reason: the spin rotates by 37r/4 under the cubic Rashba SOI
when the spin rotates by /4 under the linear Rashba SOLI. Since the the spin polarization Pis a periodic function
with period 7, the rotation angle of 7r/4 is equivalent to the rotation angle of 37r/4 with respect to the phase.
Generally, the different « generate the different behaviors and the different peaks of the spin polarization P even
at the same angle 3. These results enable us to make a clear distinction between linear, square, and cubic Rashba
SOIs according to the peak position of the perfect spin filtering. This method will be very useful for determining
the k-dependence of Rashba SOIs using experiments.
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Figure 4. The magnetic flux dependences of the spin polarization P of a double QD AB ring in the case of (a) « = 7/16, (b) o« = /12,
(¢)a = m/8,and (d) « = /4 attheangle of 3 = 7/2.

4, Conclusion

In this study, we have obtained the correct expression of AC phases for square and cubic Rashba SOIs, which
were obstacles to investigating spin filters using square and cubic Rashba SOIs. Then, the spin filtering was

investigated in a double QD AB ring under linear, square, and cubic Rashba SOIs by applying the AC phase to the

system. As a result, it was found that the perfect spin filtering is achieved for all the Rashba SOIs at the specific

penetrating magnetic flux. This means that this AB ring under general Rashba SOIs can be a promising device for
spin current generation. Also, the peak positions for linear, square, and cubic Rashba SOIs behave in completely

different ways. This result enables us to make a clear distinction among linear, square, and cubic Rashba SOIs
according to the peak position of the perfect spin filtering. As a result, it will be easy to determine the k-
dependence of Rashba SOIs using experiments.
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