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Spin current and internal Zeeman field in spin-orbit coupled rings
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We investigate the one-dimensional quantum ring constructed by the spin-orbit coupled material, in which
the quantum spin-Hall Bernevig-Zhang (BZ) Hamiltonian and Rashba-Dirac (RD) type spin-orbit coupling are
taken into account (called RD-BZ Hamiltonian in this paper). It is known that the curvature of the ring generates
an out-of-plane effective magnetic field, acting as an internal Zeeman field. We find that only the BZ coupling
can change the strength of the internal Zeeman field, which enables us to detect the effect of the internal Zeeman
field. Furthermore, we find that the total angular momentum is conserved in the RD-BZ Hamiltonian, and the
energy eigenvalue and wave function must be modified to fit the conserved quantity, which are ignored in the
previous studies. The conductance without leads is discussed. Different from the previous results, we find that
the conductance behaves like a beat phenomenon resulting from the interplay between the magnetic flux and
Aharonov-Casher (AC) phase, and thus, it can oscillate without passing through the insulating state in some
regimes of magnetic flux or AC phase. Importantly, we find that the conductance with integer and half-integer
magnetic flux provides us a method to measure the AC phase. The cancellation of the internal Zeeman field due
to the BZ coupling can be detected by using specific fractional magnetic flux. In the ring with nonvanishing RD
and BZ couplings, the conductance can exhibit a quasiplateau near the small RD coupling. The increase in the
strength of BZ coupling would result in wider quasiplateau in conductance, which implies that the ring could
remain insulating state (or conducting state) regardless of the small change in RD coupling. The thermal average
of spin and charge currents are calculated at low temperatures without impurities. Importantly, we find that the
persistent spin and charge currents as a function of the magnetic flux exhibit nodelike lines, which amazingly
are perpendicular to each other. As a consequence, the persistent spin current could be nonzero even when the
charge current vanishes at nonzero magnetic flux. The result suggests a pure spin current in quantum rings, and
its direction can be reversed by changing the magnetic flux. The increase in the BZ coupling would exhibit the

plateaulike pure spin current.

DOI: 10.1103/PhysRevB.107.125419

I. INTRODUCTION

Berry proposed a pioneering result that the cyclic and
adiabatic evolution of quantum states acquires a phase with
geometric nature [1]. This geometric phase depends only on
the geometry of the path traveled by the quantum state in the
parameter space, which was observed in various experiments
[2]. The geometric phase governed by the topology of the
quantum sate opens up a new field in the quantum transport
[3]. The interplay between the quantum geomtric phase with
the spatial shape of nanostructures has been utilized for ex-
otic electronics [4]. On the other hand, broken symmetry in
semiconductor gives rise to various intrinsic spin-orbit in-
teraction (SOI). Two typical examples are Dresselhaus SOI
induced by bulk inversion symmetry [5] and the Rashba SOI
induced by structure inversion symmetry [6]. As a result,
the transport affected by the spin-orbit interaction in semi-
conductor heterostructure plays the central part in growing
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studies of spintronics [7,8] and facilitates the integration of
quantum computer [9]. Moreover, many investigations has
strongly boosted by the study of the Rashba SOI in low
dimensional systems [10], including magnetoconductance os-
cillations [11,12] and persistent charge current [13,14], and
the effect of strong light-matter coupling was recently inves-
tigated [15]. The transport phenomenon in mesoscopic rings
with SOI was studied experimentally [16]. The persistent cur-
rent was also extensively investigated within the quantum ring
[17-20] and observed [21].

One of the important features of quantum rings is quantum
interference which can be caused by the two typical phases:
Aharonov-Bohm (AB) [22] and Aharonov-Casher (AC) ef-
fects [23]. The quantum interference has been demonstrated
experimentally [24]. The theoretical study relies on construct-
ing an effective model Hamiltoinian. Nitta er al. proposed
a spin-interference device with Rashba spin-orbit interaction
and the resulting conductance can be modulated by the AC
phase [25]. This proposed structure is a one-dimensional
ring, but the Hamiltonian is non-Hermitian. The procedure
for constructing correct one-dimensional Hamiltonian of a
quantum ring from two-dimensional Hamiltonian has been

©2023 American Physical Society
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proposed by Meijer et al. [26], which corresponds to the
quantization approach for nonrelativistic particles constrained
to lower dimensions [27]. This procedure was also applied to
the ring with various shapes [28], in which the topologically
nontrivial spin textures were exhibited by deforming the shape
of the ring. The transfer matrix method for calculating the
conductance with leads was proposed in Ref. [29]. We also
note that the spin current resulting from AB and AC effects in
mesoscopic rings with both Rashba and Dresselhaus SOI was
studied in Ref. [30], and the conductance in rings with heavy
holes has been investigated in number of studies [31,32].

Another important feature of quantum rings is the curva-
ture induced effective magnetic field on the ring, proposed by
Ying et al. in Ref. [28]. In the absence of spin-orbit interaction,
the curvature of the ring still provides an effective local field
in the direction perpendicular to the plane of the ring, which
is called the internal Zeeman field. However, the resulting
energy splitting due to the internal Zeeman field is ambiguous
in the absence of spin-orbit interaction. This is because the
curvature of the ring also affects the orbital angular momen-
tum of the particle on the ring, and thus, the energy splitting
should take the total angular momentum into account. We also
note that the conservation of angular momentum in the ring
with leads was discussed in Ref. [12], but the correction to
the internal Zeeman field was ignored. Therefore we need an
effective system that can mimics the internal Zeeman field
in the ring and investigate its influence to the conductance.
An intriguing question arises: can we cancel the internal Zee-
man field and detect the existence of the local field on the
ring?

Moreover, the mechanism of spin-orbit coupling enable us
to manipulate spin by using electric field. Quantum-spin Hall
material shows the transport of spin at edges of sample with
vanishing charge-Hall conductance in the absence of an exter-
nal magnetic field [33]. Topological insulators in the strong
regime of spin-orbit interaction exhibit the helical electron
states at the surface of sample [34,35]. We also note that the
quantum transport of two-dimensional Dirac electrons in a
ring structure has been studied. [36]. It has been shown that
the opposite geometric phase for two valleys leads to valley-
polarized transport in a quantum ring. Recently, the quantum
ring in contact with topological superconducting nanowire
was investigated [37]. Interestingly, the quantum spin-Hall
effect has a simple classical analog [33]. The charged particle
has an orbital motion under the action of two-dimensional
simple harmonic oscillator. The spin part of the charged par-
ticle couples to the orbital motion such that only z component
of spin survives and the total angular momentum is conserved.
In this regard, the ring constructed by the quantum spin-Hall
materials can be a proper candidate to investigate the behavior
of the internal Zeeman interaction and its influences to the
spin current in the ring.

Motivated by these previous studies, we investigate the
quantum ring in the presence of Bernevig-Zhang (BZ) [33]
and Rashba-Dirac (RD) spin-orbit couplings. Interestingly,
we find that the BZ coupling plays the role of an internal
Zeeman field. The RD type coupling governs the tangential
component of spin on the ring. Furthermore, because of the
cylindrical symmetry, the resulting Hamiltonian also has a
conserved total angular momentum. This leads to the mod-

ifications of the energy eigenvalue and eigenvectors, which
were ignored in the previous works on quantum rings. The
Zeeman interaction (coupling of spin and external magnetic
field) is neglected in the present paper. In this regard, the
phase acquired by the charged particle with spin can be di-
vided into two part: pure electronic part (magnetic flux) and
pure spin part [Aharonov-Casher (AC) phase]. The resulting
conductance (without leads) then shows the beat phenomena
and can oscillate without passing insulating state. Further-
more, the fractional quantized magnetic flux (or AC phase)
can lead to the vanishing of oscillations in conductance. We
also find that the internal Zeeman field can be controlled by
the BZ coupling, which results in the increase of quasiplateau
in conductance. The thermal average of spin and charged
currents are calculated without the presence of impurities.
The spin current vanishes when BZ coupling exactly cancels
the internal Zeeman field. Furthermore, both the spin and
charge currents exhibit nodelike lines which perpendicular to
each other, and thus, pure spin current can be obtained in the
quantum ring.

This paper is organized as follows. In Sec. II, the one-
dimensional Hamiltonian for the ring with RD and BZ
couplings is derived. The energy eigenvalues and eigenvec-
tors are obtained by considering the quantum number from
the conservation of total angular momentum. In Sec. III, the
local spin orientation and internal Zeeman field are derived.
The conductance is calculated and the effects of BZ coupling
are discussed in Sec. IV. The thermal average of spin and
charge currents are calculated and discussed in Sec. V. The
conclusions are given in Sec. VI.

II. EFFECTIVE HAMILTONIAN

We study the Bernevig-Zhang (BZ) Hamiltonian in-
cluding Rashba-Dirac (RD) type spin-orbit coupling, here-
and-after called RD-BZ Hamiltonian in this paper. The
two-dimensional Hamiltonian reads

P+

Hyp = + Hg + Hc + Hpz + V (1), (H
V(r)= %K(|r| — R)? is the confining potential, where R is
the radius of the one-dimensional ring. The term Hg and
H¢ are Rashba [6] and Dirac-type Hamiltonians, respectively,
and Hpy is the BZ hamiltonian [33]. These Hamiltonians are
written as

Hp = a(axpy - Gypx)a
HC = U(prx + O'ypy)v (2)
Hyz = g1(ypx — xpy)oz + 8205 + 7).

The Pauli spin matrices are denoted as oy, oy, 0;. In the
presence of external magnetic field, B = Bé,. The momentum
in Eq. (1) is replaced by

p—> I =p-—eA, 3
where e = —|e| for an electron, and the vector potential A is
given by

A= (A Ay, A) = (—1yB, 1xB,0). 4)
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Equation (1) is written as

n; + 1
T + a(crxl'ly — O’ynx)

+ r](axnx + Oyny)
+ 10T, — xMy)o, + g2 +y) + V(). (5)

Hyp =

Consider the circular ring of radius R (constant curvature
1/R), we define the azimuthal angle ¢ asx = Rcos¢ and y =
Rsin ¢, and the Pauli spin matrices in the planar coordinate
are give by o = o0yé, + 0,8, + 0.6, = 0,8, + 048y + €.
Use the coordinate transformations &, = cos ¢é, — sin ¢é,
and &, = sin ¢é, + cos péy, we have

0, = 0,C0s ¢ + 0, sin @, ©
0p = —0xSin¢ + o, cos .
It can be shown that the commutation relations of o,, o4 and
o, are given by

o), 04] = 2io;, [0, 0,]=2ios, [0y,0.]=2ic,. (7)

Follow the procedure given in Ref. [26], where the strictly
one-dimensional Hamiltonian is derived by averaging Hap
with the ground-sate radial wave function. Neglect the irrel-
evant additional constant terms (only shift the zero energy),
the one-dimensional ring with RD-BZ spin-orbit interaction is
replaced by Hyp — Hy, we have the following compact form
(the derivation is given in Appendix A):

A, "2
Hy=¢€eDj, € = ——, 8
0= €Ly, € ImR? 3
where the operator 50 is given by
S
Dy = E + v+ Zyor + Zna¢ - bO’Z, (9)
with the orbital angular momentum operator
N d
l,=—ih— (10)

< a¢ *

In the absence of Dirac and BZ coupling (Z, =0 and b =
0), Eq. (9) goes back to the pure Rashba result as shown in
Ref. [29]. The coefficients yy, Z,, Z,, and b are dimensionless
quantities, which are given by

Z, - m_Rav Z, = mRn’ b mR2g1’

h h h

where i = h/2m and h is the Planck constant. The symbol yy
is the magnetic flux denoted as

an

— 12)

where ® = B7R? is the magnetic flux through the ring and
@y = h/|e| is the flux quantum. The energy eigenvalues and
eigenvectors of Eq. (8) can be exactly solved, and we discuss
this in the following sections.

A. Absence of RD-BZ coupling

In the absence of RD-BZ spin-obit interaction, dimension-
less parameters Z,, Z,, and b vanish, and the Hamiltonian

Eq. (8) reduces to
3 2
Hy=¢€|—i— + . 13
0 ( Py Vo) (13)
The energy eigenvalue is then given by
E=e(yo+n)y (14)
with the corresponding eigenvectors
1 eind)’
2w
The magnetic flux ), can be eliminated by using the gauge
transformation ¥ (¢) — ¥ (¢)e "¢, This means that the
magnetic flux yp in the eigenvalue is attributed to the phase

acquired by the charged particle traveling a polar angle ¢,
which is the pure electronic behavior.

V(o) = n=0,+1,42,... (15)

B. Presence of RD-BZ SOC

In the presence of RD-BZ spin-orbit interaction, we find
that the operator Dy [Eq. (9)] commutes with the total angular
momentum (see Appendix) J, = £, 4+ (li/2)o,, i.e.,

.~ h 4
[Ez + 50z ho] =0. (16)
The energy eigenvectors of Eq. (8) should be characterized by

using quantum numbers of J,. The eigenvector of J, can be
written as |n, o), where

a7

1) = <$) ) = (‘1)) as)

are the eigenvectors of spin z-component o,. This implies that
the trial energy eigenvector of Hy would be of the form

[
. _ Xlel(k_i)(b
|Trial) = (Xge"(ﬁHW ) (19)

where

where j, is the eigenvalue of the total angular momentum
l + gaz. It is easy to show that |Trial) is the eigenvector of

the total angular momentum operator J, = £, + (//2)o, with
eigenvalue j,, i.e.,

J.|Trial) = j,A|Trial). (20)

After straightforward algebraic calculations, the eigenvectors
of the Hamiltonian (8) are given by (see Appendix)

¢ [ cos Eemit)?
V/27m \sin seve
and

it (—sin S/
=— 2 , 22
1/’¢(¢) 27_[ (COS %el93l¢/2 ( )

where o = 1 represents the plus sign (lower energy), and
o =] represents the minus sign (greater energy). The total

125419-3



HSIU-CHUAN HSU AND TSUNG-WEI CHEN

PHYSICAL REVIEW B 107, 125419 (2023)

—_— 0= |

(©)¥0=0.5

— o=1

(b)yo =0.25

10 fa)Yo =(?

7

/

Egle

FIG. 1. The energy dispersion as a function of b, given by
Eq. 27), with Z=0and n=—-2,—-1,0,1,2. (a) y =0, (b) 1/4,
and (c) 1/2 and an additional band for E_3; is included to show the
degeneracy between (—3, 1) and (2, |).

angular momentum quantum number is

j$=n+3o (23)

and it will be further discussed below. The parameter & and 6
are given by

Zy 2]
tanh = =, tan§ = ——, (24)
Zy b+53
where
Z=274+1iZ,

. (25)
=\zle”, |Z|= /22 +Z2.

The coordinate £ is the local spin tilt angle. In the present case,

we have (Y4 (¢p)|o;|Y4(¢)) = +cosé (called spin-up state)

and (Y, (¢)|o;|¥ (¢)) = —cosé& (called spin-down state).
We also note that
g b+1i o1 1\’

tan > = +—= 4+ — [|Z|? b+ - 26

an 2 +|Z| |Z|||—i- +5 (26)

and the choice of eigenvectors [Eq. (21) and (22)] correspond

to the minus sign in Eq. (26). The corresponding energy eigen-

values of Hamiltonian (8) are given by

1 2\ 2
Eys =6(Vo+j§’—0 |Z|2+<b+ 5) ) , 27)

The energy as a function of b for three values of yp and Z = 0
is shown in Fig. 1. When yy = 0 [Fig. 1(a)], the states with
opposite j¢ are degenerate. When yy = 0.25 [Fig. 1(b)], the
degenerate bands split and extra band crossings appear at b =
—0.25, —0.75. The degenerate pairs of quantum number at
band crossings for spin up states are (n, —n — 1), whereas for
the spin down states are (n, —n). When yy = 0.5 [Fig. 1(c)],
the states with (n+ 1, 1) and (—n, |) are degenerate. Al-
though the spin up and down states are degenerate, their
quantum number 7 differ by 2n + 1.

The term j¢ in the wave function is the total angular
momentum quantum number, which should be j7 =n + g,
withn =0, £1, £2, ... describing the rotation of electron in
the sense of counterclockwise (“+ plus sign) or clockwise
(“~” minus sign). In the absence of spin-orbit interaction, we
should have

Ey =E; = €e(yo +n)’ (28)

regardless of the sense of rotation. By using Eq. (27), we have
qr — % =q,+ % =0, and this gives g4 = % and ¢, = —%.
Thatis, j7 =n+ %a. and this also leads to the result that the
wave function is single valuedness ¥, (¢ + 27) = ¥, (¢).

An improper result in determining the eigenenergy is due
to replacing j7 =n+ (1/2)0 by j. =n+(1/2) for both
spin-up state and spin-down state, then the energy eigenvalue
becomes E, =¢€[yo+n+ % —0/|Z|2 + (b+1/2)2]?, which
is incorrect. This is because in the absence of spin-orbit in-
teraction, this result will leads to Ey = €(yo + n)? and E | =
€(yo+n+ 1)% That is, E; # E|, the energy of the spin-up
state will be different from that of the spin-down state even in
the absence of the Zeeman interaction, and this is unphysical
[38].

In short, we stress that the energy eigenvectors and eigen-
values used in this paper are different from the previous
literatures. The discrepancy is due to the total angular mo-
mentum J, = ¢, + (%/2)o,, in which the eigenvalue depends
on the spin state. For those systems without conservation of
angular momentum, the eigenstates should be expanded by
the orbital angular momentum states with different quantum
number n.

III. INTERNAL ZEEMAN FIELD

In the local Frenet-Serret reference frame [28], the spin
orientation is expressed as (o) = (0,)é, + (0p)8y + (07)e;,
where the expectation value (---) is obtained by using the
eigenstates of the operator Dy [Eq. (9)], Do|Vs) = Ao |V¥s),
which can be written as

.0 =~
—im W) = GS)Vo), (29)
s
where s = R¢ is the arclength of the ring and
-~ 1 1
G(s) = £ (Ao = 10) + 5(=Zu0r = Zy04 + boz).  (30)

Therefore the spatial derivation of (o) can be written as

0 . ~ Jo
— (o) =i(lo, G@)]) +{——) (3D
as as
We also note that in the local frame of spin, we have do, /d¢ =
o4 and doy = —o,. Hence, we obtain
8 r
90\ _ (G_‘f’)ér — (o >gz. (32)
as R R

Equation (32) is independent of spin-orbit interaction. By
substitution of Egs. (30), (7), and (32) into Eq. (31), after a
straightforward calculation, we have the following spin-torque
equation:

0

35(0) =B x{0), (33)
S
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where B, -field is called the effective local field,

27, 27,

. L,
R“TTRY

—g %

B, = (34)
We note that the external magnetic field B does not alter the
spin orientation because the Zeeman interaction is neglected
in the present case. The Rashba-Dirac spin-orbit interaction
control an in-plane effective local field. For the energy eigen-
vectors [Egs. (21) and (22)], the local spin (a) can be written
as

(0)r = (YUrlolyry)
= <Ur)ér + (G¢)é¢ + (az>éz (35)
= (sin& cos0)é, + (sin& sin0)é, + (cos &)e,

and (o), = —(0)4. We find that

(o)
(or)

Namely, the in-plane component of spin can be generated by
the Dirac type spin-orbit coupling 7, which is also similar
to the nonconstant curvature of the ring [28]. Importantly,
in the absence of spin-orbit interaction, the local field is still
nonzero,

=tan6. 36)

1
BL = ——€;

b=0, 37
R (37

Zy=2,=0,
which reveals the presence of an nonvanishing B, field in the
z direction, and is here-and-after called the internal Zeeman
field. When the spin state is taken into account, this internal
Zeeman field would change the electronic energy even in
the absence of spin-orbit interaction. Interestingly, we find
that the internal Zeeman field can be tuned by changing BZ
coupling. This enable us to detect the effect of the internal
Zeeman field in the ring. When the BZ coupling has a specific
value b = —1/2, we have
B,=0, Z,=2,=0, b=-1/2. (38)
By using the form of B, field, the energy eigenvalue (27)
then can be simplified as £y = e(yp + ﬂ — |h|)? and E, =
e(yo + jj + |h|)?, where the h field is defined as

h—RB
=5Be

1
=%%+%%—@+§FT (39)

Furthermore, the eigenvalues (27) can be expressed as
1 2
E,, = e(yo +n+ 50 — O'|l’l|>

P\ 2
=€(V0+n——a) , (40
2

where @, is written as

CDG = O‘CDAC (41)

and
®Opc =27|h| -7 42)

is the so-called the AC phase in the ring. It is interesting
to note that in the absence of spin-orbit interaction, |Z| =
b =0 and we have |h| = 1/2 and the AC phase vanishes
®,c = 0. However, if the RD coupling vanishes |Z| = 0, but
the BZ coupling is b = —1/2, then |h| =0 and AC phase
is ®pc = —m. In the following section, we will discuss the
effect of BZ coupling by calculating the conductance without
leads. We close this section by addressing the issues about the
modification of energy spectrum. It is easy to show that the
symmetry of Eq. (40) is given by

0=0, E., =E
)q nl nt (43)
Y« = 0, EnT = Enla

where y, = $qp/2m.

In the previous literature, the term &, in Eq. (40) is ex-
pressed as ®¢ = —n (1 — 20 |h|). However, by considering
the conserved angular momentum in the present system, the
term @, is written as ®, = o (—m)(1 — 2|h|). In the absence
of spin-orbit interaction (|h| = 1/2), we have &, =0, and
energy spectrum goes back to Eq. (14). For the old version,
in the absence of spin-orbit interaction (Jh| = 1/2), we have
CD? =0, but @3 = —27. Furthermore, for nonzero spin-orbit
interaction (|Z| # 0 and b # 0), we have <I>? = ®pc and
7 = —Pc — 2. The additional 2w phase in ®9 will not
have a detectable result in the interference pattern. Although
the old energy spectrum is improper, it is still safe to discuss
the vanishing spin-orbit interaction in the conductance, which
stems from the effect of interference.

IV. CONDUCTANCE

A. Classification of eigenstates

We return to the eigenstates of J.. By observing the to-
tal angular momentum quantum number 7, we found that
the energy eigenvectors can be classified by two angular
momentum states: parallel and antiparallel orientation of ,
and o,. For the convenience of description, we write n as
A, with A==+ and #n=0,1,2,3,.... The term A =+
represents the counterclockwise rotation of an electron and
A = — represents the clockwise rotation of an electron. The
para}lel state is marked by {}, which has two eigenvalues
for J,

i+ (44)

=
o=

On the other hand, the antiparallel state is marked by |}, which
also has two eigenvalues for J,,

A—1, —n+1i. (45)

Therefore we conclude that the eigenvectors of total angular
momentum |n, o) can be classified to |J, A). Namely, we
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have!
7. 4) = I 4). LI +) = (@ + 3)An ),
=7, 1) =1 =), L =) = (<A ), -), )
2, 4) = W, +), LI +) = (= 5)AIL, +),
=71, ) = 1, =), LI, =) = (== 5)AIn, —),
where 77 > 0. The term {} means the orbital angular momen-

tum is parallel to the spin, and || means the orbital angular
momentum is antiparallel to the spin.

We now turn to the energy eigenvectors. Consider parallel
states [Eq. (44)], the first state corresponds ton = +iando =

1 in Eq. (21), and the second state corresponds to n = —i and
o = | in (22). Therefore we have
exp(iig) [ cos(§/2)
20 = =2 gyt ) )
() = exp(—inig) [ — sin(& /2)e~™®
t NG cos(&/2)e )

It can be shown that |1ﬂ;{ (¢)) is the eigenvector of the to-
tal angular momentum J. = ¢, + (h/2)o, i.e., fz|1//;{(¢)) =
(i + 1/DRY] (¢). We also have J |y (¢)) = (-7 —

1/2)h|1/f%_(¢))). Because Wﬁ(d))) and |/, (#)) correspond to
different eigenvalues, they are orthogonal, i.e., it can be shown

that (Y3 ()Y (#)) = 0.
Consider antiparallel states [Eq. (44)], the first state corre-
sponds to n = 47 and 0 = | in Eq. (22), and the second state

corresponds to n = —i1 and o = 4 in (21). Therefore we have
exp(mqﬁ) —sin(€/2)e™
|W$(¢)) \/E < Cos(g/z)ete >7 (48)
exp(—ing) [ cos(£/2)
|WU (@) = W Sin(é/z)ei(¢+9) :

It can be shown that J;WI(q&)) =(n— 1/2)h|¢ﬂr(¢)) and
LWy @) = (it + 1/l (¢). Furthermore, we have
(Y[ ()Y (#)) = 0. The eigenstate can be written as

exp (im{¢)| 3
NGz o

where J = 1, . In the following section, we calculate the
conductance by using the projection operator exhibited by
Eqgs. (47) and (48).

[V} () = (49)

B. Calculation of conductance

Without leads, the conductance due to the interference of
the four total angular momentum states is obtained by

2
e /
=7 > 1o |oouw) (50)

'The completeness of |/, 1) is given by >,_.  [J,A)(J,A| =1
and Y, |, M), A =1

where 0 = 1, | and the factor 4 means that there are four
available channels of the quantum ring. The mixed total angu-
lar momentum state leave the ring at ¢ = 7, and we have

|Oout) = Zem i

where J = {}, | and the sign A = = represents the direction of
the channels. We note that because the injection of spin in the
ring should obey the conservation of total angular momentum,
the projection operator should be constructed by the parallel
and antiparallel states. This is because, for example, an up
spin in the ring will transport only through upper channel
(parallel state) or lower channel (antiparallel state). By using
the completeness ) " |o){c| = 1, Eq. (50) can be written as

@O xO]o), (S

2 /
G = 22 2 (O] ) (r)| )t

A NI

(52)

By using Egs. (47) and (48) into Eq. (52), and after
straightforward calculations, we obtain

62

1
G= 7 {1 + E[cos(r'zf[n — ﬁﬁn) + cos(ﬁfﬁn — ﬁﬂn)]}.

(53)

The first term in the bracket [- - - ] of Eq. (53) corresponds to
the interference of only spin-up wave function, and the second
term corresponds to the interference of only the spin-down
wave function as shown in Fig. 2(b).

Importantly, we note that Eq. (53) was discussed in the
previous papers [25,39]. However, we note that the orbital
quantum number is related to the parallel and antiparallel
states, but not the spin angular momentum. The orbital quan-
tum number nj are

P [ e (- ~ 1
n+.n+§, n_: —n-—s5,
. - 1 =l = 1 (54)
ny:n—s, nf.—n—i—z.

We stress that the state 1} does not mean the spin is in the up
state, and vice versa. We note that, 711 represents n = +i and
o = 1, and the corresponding energy is €(yy + Fzﬂ +1/2 —
[h|)2. On the other hand, T represents n = —7i and o = 1,
and the corresponding energy is € (yy — it + 1/2 — |h|)?, and
so on. The corresponding eigenvalues are

il Ef =¢(

al . E{:e(yo—"ﬂ———i-lm 55)
At Ef =e(n+af

At Ef =e(po—a' + 3 —1h|

By imposing the Fermi energy to the energy eigenvalue,
E} = Ep, we have Er/e = (yo + 7l +1/2 — |h])> = (o —
il + 1/2 — |h|)>. Simple algebraic calculations, we have
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J=n-1/
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J=-f-1/2
+

(b)
NS TN
) ()
- -
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FIG. 2. (a) Schematic diagram showing the parallel (left) and
antiparallel (right) states defined in Eq. (46). (b) Schematic diagram
showing the spin up (left) and spin down (right) states. The interfer-
ence is within each spin state, as given by Eq. (53).

J=-n+1/2

U

@l +a%)@1 — i + 1 — 2|h| 4 2y0) = 0. This implies

Al —a% =2/ —1 -2y
®
=2 oy (56)
T

Furthermore, we also have

a¥ — i =1 —2/h] -2y,
=2 oy, (57)
b

Because we neglect the Zeeman term that couples the spin and
external magnetic field, the phase change is attributed to pure
spin part (AC phase ®a¢) and pure electronic part (magnetic
flux 27 ). For the external magnetic flux, the phase 27y, due
to the pure electronic properties is the same for spin up and
spin down states. The difference is the phase caused by the
spin-orbit interaction, the AC phase acquired by spin up state
is opposite to that by spin-down state. Equation (53) becomes

2

e 1
G = Z{l + E[COS((DAC — 21 yy) + cos(Pac + 27'[)/0)]}

2
= %{1 4 cos(2m ) cos Dac).

(58

Equation (58) is one of the main results in this paper, which is
a periodic oscillation exhibited by yy and ®5c. We also note

— Yo=1/4

G(e?/h)

FIG. 3. (a) the conductance Eq. (58) as a function of the magnetic
flux 2y, and the AC phase ®ac; (b) the conductance with ®pc =
§Qp and Qp = 2myy, where § = 1 and § = 1.25 correspond to the
solid line and dashed line in (a), respectively; (c) the conductance
v.s. the AC phase for different values of magnetic flux yy. For the
one-quarter quantum flux, yy = 1/4, the conductance is a constant
regardless of the strength of spin-orbit interaction.

that the conductance (58) is similar to the result in the hole
ring [31]. Equation (58) as a function of y and ® ¢ is plotted
in Fig. 3(a).

If the phase of magnetic flux is equal to the AC phase (mod
2m),i.e., Qg = 2wy = £Pac, then the conductance becomes

2
G= %{1 tcos? Qo). Qo =27y = +Pac.

The Qg value corresponds to the off-diagonal line of the
Fig. 3(a) with positive slope or negative slope. The minima
of G is ¢*/h and the maxima is 2¢%/h. Interestingly, we set

125419-7



HSIU-CHUAN HSU AND TSUNG-WEI CHEN

PHYSICAL REVIEW B 107, 125419 (2023)

Dac =80 and 2y = Qy, and the conductance becomes

2 1
G= e—{ + E[COS((8 — 1)Qp) + cos((8 + 1)Qo)]}. (59)

h
The resulting conductance is plotted in Fig. 3(b). We find that
the when § = 1.25 [along the dashed line in Fig. 3(a)], the
conductance has the beat phenomenon. An important result
from the beat phenomena is that the conductance can vary
periodically without passing the insulating state.

When 9y, is an one-quarter quantum flux, =
+1/4,£3/4,£5/4,..., then the conductance remains
constant G = e?/h, regardless of the strength of spin-orbit
interaction as shown in Fig. 3(c). This is because the
phase accumulated by an electron is e? for a travel
through angle ¢. The accumulated phase of the electronic
wave function through the ring is ¢/ and the resulting
interference is cos(2wyp). The magnetic flux yy=1/4
leads to the complete destructive interference for both
spin-up and spin-down electrons. Therefore the conductance
contains only four channels with pure electronic transport,
ie., G=(e*/4h) x 4 =e?/h. Moreover, if ®c shows
half-integer numbers, ®rc = £m /2, 37 /2, £57 /2, then
the conductance also becomes a constant G = ¢? /h regardless
of the strength of the magnetic flux.

In the absence of magnetic flux, yp = 0, the conductance
Eq. (58) becomes

2
Go = %{1 + cos Pac). (60)

Equation (60) was obtained in the previous works by many
authors (Refs. [39,40] and other reference therein). Our re-
sult shows that Eq. (58) goes back to Eq. (60) not only
when the magnetic flux vanishes but an integer number yy =
0, %1, +2, .... However, unlike the result Eq. (60), for half-
integer numbers yp = £1/2, £3/2+5/2..., Eq. (58) gives
a rather different result,

2
e
G1/2 = Z{l — COS CDAc}. (61)

From Egs. (60) and (61), we can obtain the AC phase by
measuring Gy and Gy,

_1 { Go— G1/2>
dpc =cos™' [ ———L ). 62
AC (Go TG (62)

Equation (62) enables us to detect the existence of the internal
Zeeman field in the quantum ring.

C. Effect of only BZ coupling

In this section, we discuss the conductance in the absence
of Rashba and Dirac-type coupling, Z, = Z, = 0. The AC
phase becomes

Dac =27 |b+ 5| — 7. (63)
If we further turn off the BZ coupling (b = 0), this leads to
®ac = 0, and the conductance [Eq. (58)] is given by

2
G= %[1 + cosr ). (64)

In this case, in the absence of external magnetic field (yy = 0),
the conductance is the maximum value G = 2¢?/h. Neverthe-
less, if the BZ coupling exactly cancels the internal Zeeman
field, (b + 1/2) =0, then ®oc = —nm and the conductance
[Eq. (58)] becomes
&2
G= ;[1 — cos(2m )] (65)

We find that in this case, the conductance vanishes even
in the absence of an external magnetic field (and integer
flux quantum, yy = 1, £2, £3,...). The conductance goes
back to 2¢*/h when yy is an half-integer number yy =
+1/2,43/2,+5/2, ...

If the BZ coupling is zero, Eq. (60) leads to Gy = 2¢°/h,
however, Eq. (61) leads to vanishing conductance G, = 0.
Inversely, the cancellation of internal Zeeman field ($ac =
—m) implies that Go =0 and Gy, = 2¢%/h. Therefore we
conclude that

[ G=0, p==£1/2,43/2,...
b—O{G=2e2/h, vo=0,%1,+2, ...  ©0
and
[ G=0,  y=0%1,%2, ...
(b+1/2)_O{G=2e2/h, vo = +1/2, 432, ...~ ©D

The difference between the vanishing spin-orbit interaction
and the cancellation of internal Zeeman field can be observed
by using integer magnetic flux and half-integer magnetic flux.

D. Effect of RD coupling
In the presence of both Rashba-Dirac and BZ coupling,

the h-field |h| = \/|Z|2 + (b + 1/2)? indicates that |Z|* and
b+ 1/2)? plays the same role in ®c. For a fixed yy, the
conductance behaves like a spherical wave due to the point
source, where the location of the source pointis at b = —1/2
and |Z| =0, as shown in Fig. 4. The change of magnetic
flux from integer to half-integer can alter the maximum and
minimum positions. Because of the width between maximum
values in the pattern of conductance, when b + 1/2 # 0 the
conductance can have a quasiplateau in |Z|. In Fig. 4, we find
that the BZ interaction b can change the width of the quasi-
plateau of the conductance. For larger values of BZ coupling,
we could have a wider plateau in conductance.

On the other hand, as shown in Fig. 5, if the BZ coupling
cancels the internal Zeeman field (b 4+ 1/2 = 0), then the con-
ductance is still a periodic function of |Z| as well as yy. The
plateau appears when b = 0, i.e., the internal Zeeman field is
non zero. When we increase the value of the BZ coupling,
which is equivalent to enhance the internal Zeeman field, and
the plateau becomes larger. Because of the periodicity of the
conductance, the quasiplateau could be a conducting state or
an insulating state regardless of the small change in the RD
coupling |Z|.

V. PERSISTENT SPIN CURRENT AT LOW TEMPERATURE

It is known that the AC effect manifests the persistent
spin current in the ring with spin-orbit coupling [41,42]. In
this section, we calculate the spin current by using canonical
partition function [42]. The orbital angular momentum 2. is
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FIG. 4. Figures showing the influence of the spin-orbit interac-
tion to the conductance, we use (a) yp = 1 and (b) 1/2. The location
of conductance maximum and minimum interchanged in (a) and
(b) as a result of the phase difference .

the generalized momentum in Hamiltonian Hy, which is de-
noted as py = £, = —ifid /0¢. The velocity operator is given
by

(68)

where the notation {A, B} = AB + BA was used. The conven-
tional definition of spin current is JF = %{f}, goz}, and we

have
1[. &
-1, -0,
2 2

“{Gn)et]

where {o,, 0;} =0 and {04, 0;} = 0 were used. The thermal
equilibrium expectation value (thermal average) (O)g of the

\751

(69)

b= -1/2

b=1/2

b=0
- 2 2 2 i
| G(E)
’ ll i!'iiill Eijill
-1 0 0 0
6-30 36 6-30 36 -6-30 3 6
2y 21yo 21y

FIG. 5. Figures showing the influence of the BZ coupling to the
conductance in the presence of Rashba-Dirac coupling. From left to
right, the value of the BZ interaction is —1/2, 0, 1/2, respectively.

observable O is given by the canonical ensemble,

(O)p = éTr[e_ﬂﬁoO]

:% Z Ze_ﬁE’w(wnalolwna)s

n=—0oo o

(70)

where (¥, |O|,,) is the quantum mechanical average

2T
(Vo |O1) = /0 dv GOV () (1)

and the partition function Z reads

Z = Tr[e PHo] = i > e
n=—oo o

We find that the quantum mechanical average of spin
components SatiSfy2 (wnalathm) = (Wna|ay|1pna> =0 and
(Vo loz|¥ns) = o cos €. In the presence of external magnetic
flux (yy # 0), the thermal average of spin current is given by
(after some straightforward calculations)

(72)

P =P
S = Jy, Jy=——2" s 73
<«7s),3 € Z¢+Z¢COSS (73)
where y, = ®ac/2m, € is defined in Eq. (8),
b+1/2
cosé = +l , (74)
VIZI2+ (b +1/2)?
and
Pr= > (n+y—ye
o0
Pr= 3 (nt yo + ye i, (75)

n=—00

oo o0
— —BEx — —BE,
Zy= ) e B= ) e
n=—0o0 n=—oo

where E, 4, are defined in Eq. (40). Until now no approxima-
tions have been done in deriving Eq. (73). The nonzero value
of Eq. (73) is the so-called persistent spin current. Here-and-
after we simply call (J7) 4 the spin current and J; is called the
scaled spin current.

In the absence of magnetic flux yp = 0, it can be shown that
Eq. (73) reproduces the result shown in Ref. [42], but the en-
ergy spectrum is different. Furthermore, in this case, we have
E_,, = E,; [see also Eq. (43)], and thus, the thermal average
of spin vanishes (0)g = 0. However, the thermal average of
the spin current (J7)g would be nonzero as has been shown
in Ref. [42].

>The expectation value of spin x component by using a
spinor is given by V¥ (¢)o Y, (@) = (0 /27)sin& cos(d + ¢),
and thus, it vanishes because of the cylindrical symmetry

02” doyr o, ¥.s = 0. For y component, we have ¥, oy, (¢) =
(0/2m)sin & sin(6 + ¢), and we also have a vanishing spin y com-
ponent [02” doy) oy, =0.
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TABLE 1. The thermal average of spin and charge currents
[Egs. (73) and (78)] for cases of vanishing spin-orbit interaction
¥, = 0, vanishing magnetic flux y, = 0, and vanishing internal Zee-
man field b+ 1/2 = 0. The symbol “0” means always zero, and the
symbol “x” means nonzero in general except to the nodelike lines.

Y, =0 10 =0 b+1/2=0
(T 0 X 0
(Te)p X 0 X

Looking at Eqgs. (73) and (74), some simple relations be-
tween spin current and ), and y, are apparent. In the absence
of spin-orbit interaction (y, = 0), the internal Zeeman field
still tilt spin with an angle £ = 0. However, in this case we
have E,y = E,, = e(mn+ p )%, and the thermal average gives
Py =P,. Therefore the spin current vanishes even in the
presence of magnetic flux (yp # 0). Furthermore, if BZ cou-
pling exactly cancels the internal Zeeman field b+ 1/2 =0,
we have cos& = 0 for |Z] # 0. That is, the spin current also
vanishes regardless of the strength of Rahsba-Dirac spin-orbit
interaction (see also Table I). Except to the cancellation of
internal Zeeman field and vanishing spin-orbit interaction, the
spin current would be nonzero. We note that the transmission
of spinful electrons in a single ring with metallic-like con-
tact at high temperature was investigated in Ref. [43], which
showed that in the Rashba system spin interference effects are
not suppressed by the thermal average.

In the present case, we discuss this phenomenon at low
temperature in the following subsections. The energy scale
of the quantum ring is € = /*/2mR which is about 6.5 x
1073 eV for InAs ring with R ~ 1 um. Therefore, for the
low temperature T ~ 1073 K, we have Be =~ 100, which will
necessitate summing only finite values of n, and make the
computation feasible.

A. In the presence of only BZ coupling

This subsection is to numerically calculate Eq. (73) in the
presence of only BZ coupling, i.e, |Z| = 0. In this case, we
have y, = |b+ 1/2| —1/2 and cos& = (b+ 1/2)/|b+ 1/2|.
For the convenience of discussion, we focus on the value of
b+ 1/2 > 0. The cosine of the tilt angle cos &, which is a
sign function of (b 4+ 1/2), is always positive in the range of b
discussed. We also discuss small changes in BZ coupling near
by b = —1/2, and the value y, = b ranges from —1/2 to 1.
The scaled spin current [J; in Eq. (73)] becomes

j _'PT—'P¢
S_Z¢+Z¢.

The numerical results of Eq. (76) at low temperature is
shown in Fig. 6(a), which we take the value B¢ = 100 in our
calculation. Because the large value of Se, the contribution
of terms of large n are neglected. In the present calculation,
the maximum »n is 10. We observe that the spin current is
a periodic function of BZ coupling b and magnetic flux y.
At those values of b = —1/2,0, 1/2, 1, the spin currents are
vanishingly small regardless of the strength of magnetic flux.
For upper subfigure in Fig. 6(a), we find that the spin current
has abrupt changes near b = —1/2 and b = 1/2 when yy = 0,

(76)

FIG. 6. (a) Numerical results of the persistent spin current
[Eq. (76), J; = (J7)s/€] for Z = 0 as a function of y, and b. The
upper (lower) subfigure showing J; as a function of BZ coupling b
(y0) with different values of y, (BZ coupling b). The nodelike lines
atb =1,0.5,0, —0.5, —1 are parallel to the axis of ;. (b) Numerical
results of the charge current [Eq. (78), J, = (Te)p/(2e€/h)] as a
function of magnetic flux yy and AC phase y,. The upper (lower)
subfigure showing J, as a function of y, (o) with different values
of ¥y (yx). The nodelike lines at yy = —1, —0.5, 0, 0.5, 1 are perpen-
dicular to the axis yy.

which is similar to the result observed in Ref. [42]. We find
that when the magnetic flux increases, the spin current de-
creases and these abrupt changes shifts to the locations 3y = 0
and yy = 1/2. For lower subfigure in Fig. 6(a), the persistent
spin current has a zigzaglike change with the changing of
magnetic flux. The increase of BZ coupling (b = y,) also
results in the shift of the magnitude of the spin current, but
the tip positions of the zigzaglike shape do not have explicit
change.

B. Persistent spin current without charge current

We start from the charge current operator that is given by
Je = ed = —hy, (77)

where the velocity operator [Eq. (68)] was used. After
straightforward calculation, the thermal averaged the charge
current (simply called charge current) is

2ee€ _ __PT+P¢

e = _Jea Je = . 78
(Te)p Z + 2, (78)

h

In the absence of spin-orbit interaction (y, = 0), we have

Py =P, Eq. (78) shows that the charge current is in general

nonzero, but the spin current [Eq. (73)] vanishes. On the other
hand, J, in Eq. (78) can be written as

o0

_ 1
Je=w+5 Y ne ey
n=—o00
y [o¢]
Ve Z ~BEw _ ,~BEn
+ anwo(e T—e Y, (79)
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FIG. 7. Numerical results of both charge current J, and spin
current J; [Eq. (73), cosé is taken into account] as a func-
tion of magnetic flux y, and Rashba-Dirac coupling |Z| for b =
—1,—-1/2,0,1/2. We note that the choice of b in the present case
leads to an additional nodelike line at |Z| = O [see Fig. 6(a)]. For
other choice of b, there is in general no nodelike line at |Z| = 0.

where J, is called the scaled charge current. In the absence
of magnetic flux yy =0, we have E_, = E,, [see also
Eq. (43)], and thus the second line of Eq. (79) vanishes. More-
over, follow the same reason, we have Z:;’ioo ne PEn =

0 (—n)e PEn by using the change of dummy index
n — —n. The second term of the first line of Eq. (79) also
vanishes. As aresult, the thermal average of the charge current
always vanishes in the absence of the magnetic flux (see also
Table I).

Similar to the thermal average of spin current, we find that
the interference that stems from y, and y, is not suppressed
by the thermal average. Interestingly, from Fig. 6(b), we ob-
serve that the charge current always vanishes at half-integer
magnetic flux (yp = 0, £1/2, 1, .. .) forming nodelike lines
and independent of spin-orbit interaction. This is similar to
the spin current, there exists nodelike lines of y, that results in
vanishing spin current regardless of the magnetic flux. We will
go back to this point later. Furthermore, parallel to these node-
like lines, the charge current as a function of y, has a zigzag
structure [see upper subfigure in Fig. 6(b)]. Perpendicular to
the nodelike lines, the charge current has abrupt changes [see
lower subfigure in Fig. 6(b)].

Explicitly, compare Fig. 6(a) with Fig. 6(b), we find that
the nodelike lines of spin current is perpendicular to that of
the charge current. Alternatively, we further plot the charge
and spin currents as a function of the magnetic flux y, and
Rashba-Dirac coupling |Z]| for various BZ couplings at low
temperature (8e = 100), as shown in Fig. 7. The dashed lines
locate the zero charge and spin current.

The nodelike lines of spin current are perpendicular to that
of the charge current. The positions of nodelike lines exhibited
by the AC phase y, changes with the strength of the spin-orbit
interaction, but the nodelike lines of the charge current are
fixed for yy. Therefore we conclude that when magnetic flux
is half-integer numbers (yp = 0, £1/2, £1, ...), the charge
current vanishes but the spin current does not vanish in general
(except to its nodelike lines) and vice versa. Interestingly,
because of the perpendicular node phenomenon, there exists
some points (nonzero yy and nonzero |Z|) that both spin and
charge currents vanish.

(0) vo=1/2 J;

@ve=1 J.

21012 210 1 2
121 121

(d) vo=1/2
0.4
0.2
js 0
-0.2 1
-0.4

— b=08
b=1.8

2 1 0 1 2
12|

— b=238
— b=538

FIG. 8. Spin current J; [Eq. (73), cos € is taken into account] as a
function of Rashba-Dirac coupling |Z| and BZ coupling for (a) yp =
0, (b) yo = 1/2, (c) yo = 1, where the charge currents all vanishes.
Numerically, we find that (a) is the same as (c), and thus, the spin
current has a period ¢ /2. For (d) yy = 1/2, plateaulike spin current
is exhibited by the increase in the BZ coupling.

We emphasize that the BZ coupling is not the key point in
generating pure spin current, but the internal Zeeman field. As
shown in Figs. 8(a)-8(c) (see also Fig. 7 for b = 0), the charge
currents are zero and only spin current survives. For b = 0,
the spin current is still nonzero in general. By inspection of
Fig. 8, the spin current has the similar concentric circular
structure as the conductance in Fig. 4. It follows that we also
have the quasiplateau structure in spin current. For instance,
consider Fig. 8(b), we find that the pure spin current regime is
broader for large BZ coupling than for the small BZ coupling,
as shown in Fig. 8(d).

The charge and spin current have been investigated in pre-
vious studies. In Ref. [14], flux dependencies of charge and
spin currents were investigated, where the electron number
and barrier strength were taken into account. The pure spin
current could be generated in a quantum ring. In Ref. [44], the
authors showed that the pure spin current can appear within a
quantum ring with Rashba spin-orbit interaction under finite
bias. In contrast to previous studies, our results point out the
effect of internal Zeeman field and show that the interference
survives thermal average.

VI. CONCLUSION

In this paper, we investigate Rashba-Dirac (RD) and
Bernevig-Zhang (BZ) spin-orbit coupling in the quantum ring.
The conservation of total angular momentum was taken into
account in obtaining energy eigenvalues and eigenvectors.
The wave function is classified to parallel and antiparallel
states. We found that the resulting conductance depends on
both the external magnetic flux and Aharonov-Casher (AC)
phase. The beat behavior of the conductance shows that the
conductance can oscillate without passing insulating states.
Interestingly, when the magnetic flux is one-quarter flux quan-
tum, the conductance is a constant regardless of the strength of
RD-BZ spin-orbit interaction. We also found that the internal
Zeeman field can be changed by tuning the BZ coupling. By
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using the fractional magnetic flux (integer and half-integer),
we can distinguish the difference between vanishing BZ cou-
pling and the cancellation of the internal Zeeman field. We
also showed that the existence of internal Zeeman field and
BZ coupling can result in the quasiplateau in conductance
near the weak Rashba-Dirac coupling regime. Furthermore,
the increase in BZ coupling leads to the wider quasiplateau.
The quasiplateau of the ring in the large BZ coupling could be
at conducting state or insulating state, which triggered by the
integer and half-integer magnetic flux. Moreover, the persis-
tent spin and charge currents are nonzero even after thermal
average. By tuning the magnetic flux and the spin-orbit inter-
action, the pure spin current with vanishing charge current can
be achieved. Similar to the quasiplateau in conductance, the
persistent and pure spin current regime (as a function of RD
coupling) is broader in strong BZ coupling than in the weak
BZ coupling.

ACKNOWLEDGMENTS

T.-W.C. particularly would like to thank Tsu-Hui Meng
for helpful discussions on the dynamics of spin on the ring.
H.-C.H. acknowledges the support from the National Science
and Technology Counsil (NSTC) of Taiwan under Grant No.
111-2112-M-004-008.

APPENDIX A: DERIVATIONS OF EQ. (8) AND (9)

In this Appendix, we will derive Egs. (8) and (9) from
Eq. (5) by using the method shown in Ref. [26]. For the
convenience of reading, we repeat the two equations (8) and
(9) here,

. i
Ay=eD}, e=——, Al
0= T R (A
where the operator 50 is given by
S
Dy = % + Yo + Zyo, + Z,04 — bo;. (A2)

We define a new operator .. = % + 0, and 5% can be written
as

5% = (I:Z + 2,0, +Z,04 — baz)2
= (lA,Z + Zyo, + Z,]U¢)2 —blo,, Zy0, + Z,04}
—2bo.L. +b*
= (L, + Zy0, + Z,04)* — 2bo. L, + b,

(A3)

where {0, 0,} = {0., 0y} = 0 and 07 = 1 were used. Further-
more, we have

(L: + Zyo, + Zn0¢)2
= L2 + (L. Zu0, + Zy0p} + (Za0r + Z,04)’
= L2+ (L. Zuo, + Zyop) + 22 + 72
= 12 + L., 240y + 2404 + 2(Zo0 + Zy0p )L

+ (2 + 7). (A4)

where we have used {0,, 05} = 0 and 6} = 6 = 1, and thus
(Zy0r + Z,04)* = Z; + Z;. The irrelevant constants b* and
72+ Zg that only shift the energy spectrum will be neglected.
Therefore the operator 55 can be written as
D3 =1%+ L., Zyo, + Z,04]
+ 2(Zy0, + Z,y04)L, — 2bo L,
+ irrelevant constants. (AS)

In the following, we will show that Eq. (5) lead to Eq. (A1)
with the equivalent form Eq. (A5) for the operator Dj. Equa-
tion (5) can be written as

2

n
Hop = m +Hy+H,+H,+V(r), (A6)
where V(r) = 3k(r — R)* and
IM=p-—eA, A= (—1yB, ixB,0), (A7)
and
H, = a(o, Il — o,I1;),
H, = n(o,I1; + 0,I1,), (A8)

Hy = g1 (311, — xT1)o, + g2(x* +y%).

The vector potential A satisfies the Coulomb gauge V - A =

0, and we have
M? = p> — 2eA - p + ¢*A°. (A9)

By using ® = Brr? and &y = h/|e|, the second term of
Eq. (A9) can be written as

2eA - p = eB(xpy — ypx)
= eBéZ, @Z = —

Il
|
I\
~
s}

= 2% (A10)

where yy = /Py, and the third term of Eq. (A9) becomes

242 2h2
A" =y —, All

Yo 72 ( )
where x2 4+ y? = r? was used. On the other hand, based on
the coordinate transformation x = r cos ¢ and y = r sin ¢, we
have

a ad sing 0
= =cosp — 0,
0x ar r 0¢ (A12)
a . a cos¢ 0
— =sin¢g— + ,
d ar r d0¢
and thus, the operator p2 becomes
92 92
2 2
= —h —_— _—
P <ax2 " ay2>
92 10 1 9?2
= — =+ -
(3r2 + ror + r2 8¢2>
92 10 1 .
— 2 2
=—h (m + ;5> + r—zﬁz. (A13)
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Inserting Egs. (A10), (All), and (A13) into Eq. (A9), we Substitute Eq. (A15) into Eq. (A8), and after straightforward

obtain calculations, we can obtain
92 10 1. hyp ~ h 0 i,
M= —=+-—|+58&+2— e ve— H, = a| ificy,— +o0,~L. ),
(8r2+r8r)+ + 0 ala¢8r+ar2
32 10
- 5 = - . 0 h. (A16)
h <8r2 + r 8}") < + )/0) H,] = n(—lho'ra +O’¢;LZ),
(9 138 h2 72 4 . 5
=—h W + ;E + — r2 z (A14) H, = —g\hlL,0, + gor-.
Furthermore, by using Eq. (A12), straightforward calculations Define the Hamiltonian #, as
lead to the results ” 2 ( 92 19 ) k( RP, AL7)
; =—=—\7==*- + r—
9 R 0 2
M= (py — eA) = —ificos ¢ S g 2m\9r® — ror
r¢ and insert Eqs. (A14), (A16), and (A17) into Eq. (A6), we
cos
RL.. (A15)  have

I, = (py, — €A, )_—zhsm¢ —|—

J

2

2mr?
hZ

=H
ot 2mr?

Hyp =Ho +

24+« ihai~|— Ei + (| —in 9 Ei — gl 2
z o5, Urrz n lar8r+o¢rz g1hL;o; + gor

P2 4in 0 ah nh A 5
s+ ih(aoy — 770’,)5 + _UrL + _U¢L — giho,L; + gor

Ho + Ui L2 — h[L + ]a
= —L — , 0, oyl —
0 mr? ¢ ‘ 9% ar

"2 an . 2mar? Zmnr2 d 2mor 2mnr N 2mg1r2 ~ 2
53k = Lo o 0 | ot o |l — — oL p Hgart. (ALS)

h . .
+ (o, + 770'¢);Lz —giho, L, + 8272»

=Ho+

where in the third equality we have used the results [—ifi-2 —ihog and [—ih%, o4] = ilio,, which can be written as

9 ]
¢
oy = z[Lz, o,] and o, = —l[Lz, 04]. We also stress that in the presence of only Rashba coupling (n = 0 and b = 0) the second
equality of Eq. (A18) is exactly the same with the result given in Ref. [26].%> Follow the procedure shown in Ref. [26], the term

Hy is the unperturbed Hamiltonian, and its lowest energy eigenstate is

[ N mk
Ro(r) = me—(l/DNz(r—R)z’ N = FLZ i (A19)

90 = (R 0 R, = ! A20
<5>—( 0(7’)|5| 0("))——ﬁ~ (A20)

Therefore the expectation value of Hpp with respect to the eigenstate Eq. (A19) is given by

i an .~ moaR mnR moR mnR N 2mgiR* . )
(Hyp) = W{LZ + |:Lza o + e ¢} + 2<T<7r + T%)Lz i oL, + (Ho) + &R

which leads to the result [26]

2

= 5w AL+ 1L Zuoy + Z,09] + 2(Zo0y + Zy0p) L — 2bo:L} + (Ho) + 2R

2
n2
=eDj —
O 2mR2

(0? +Z2 + Z2) + (Ho) + g2R%, (A21)

where we have used Eq. (AS). Equation (A21) is obtained by integrating the radial part (r) only. Thus the differential
operator with respect to the azimuthal angle and the spin operators are still present in the equation. The terms — R2 B> +72+
Z,%) + (Ho) + g2R? is a irrelevant term that only shifts the energy spectrum and can be neglected. As a result, the Hamiltonian
of the quantum ring is Eq. (A21) by neglecting those irrelevant terms. In this sense, we obtain Eq. (Al), namely, Egs. (8)
and (9).

3There is an overall minus sign for the definition of L. in comparison with Ref. [26], which is due to the use of the charge of electron,
e = —|e|. In our paper, the quantum flux is ®, = //|e|, and in Ref. [26], the quantum flux is &y = h/e.
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APPENDIX B: ANGULAR MOMENTUM OPERATOR

In this Appendlx we will show that the total angular mo-
mentum J = K + 2 oz commutes with Ho = eDO, where

~

~ £
Dy ==+ Yo + Zy0, + Zy04 — bo.

W (BI)

Because the commutator [JAZ, Hp] can be written as [J;, Hyl =
eDo[J., Do] + €[J., Dy]Dy, we will show that [J., Dy] = 0.
Firstly, we have

oy +Zyoy — baz:|

z Z ]
= Lg |:E’ Gr:| +Zn |:Ev U¢:| + E(Za[o—z’ o'r] +Zn[azv G¢])'
(B2)

The first term of the second equality of Eq. (B2) can be written
as

¢ .0 ,
—, 0| =|—i—, 0| = —ioy.
o)=L

Furthermore, we have

(B3)

A

L, .0 .
E,Uq} = —l%,o’qg = 10,.

Using commutators in Eqgs. (7) together with Eqgs. (B3) and
(B4), then Eq. (B2) becomes

(B4)

1
= Za(_i0¢) + Zn(ior) + E[Za (2ZU¢) + Zn(_zlor)]

—=0. (BS)

Therefore we have

> (B6)

~  h
|:£Z + <o, H():| =0.
Namely, the total angular momentum is conserved. The corre-
sponding quantum number j must be included in the energy
eigenvalues and eigenvectors.

APPENDIX C: ENERGY EIGENVECTORS
AND EIGENVALUES

In this Appendix, we will show that the eigenvectors of
the Hamiltonian Eq. (8) are given by Eqgs. (21) and (22)
with eigenvalues given in Eq. (27). Consider the Hamiltonian
[Egs. (8)]

Ao = D2, 1

where € is a constant and the operator 50 [Eqg. (9)] is given by

~ a
Dy = —i— + v + Zy0, + Z,04 — bo.

) (C2)

For the convenience of derivations, we neglect the irrelevant
normalized constant 1/+/27. One of eigenvectors /4 (¢) can
be written as

Y1 (9)) = ¢ (cos %e_i¢/2|T) +sin ie ez¢/2|¢>)

= cos %ei(jj_l/z)‘blT) + sin ie U9 1)
(C3)

where |1) and || ) are eigenvectors of o, [see also Eq. (18)],

i.e., 0;|1) = |1) and o;|]) = —|{). It follows that
o) =N), o) =11), )
oy 1) =ill), oyll) = (=DIT).
This implies that
orlt) =€), ald) =e 1),
. . (C5)
oslt) = ie[}), oyll) = (=i)e 1)

Use Egs. (C3), (C5), and (C2), after straightforward calcu-
lations, we have

i(jJ*1/2)¢|1«>

(Do~ 1)l (9) = Cr cos e

+C, sin %e'@ DO L), (C6)

where Z, +iZ, = |Z]e" was used [see Eq. (25)], and the
coefficients Cy and C, are given by

1
CT=jZT—§—b+|Z|tan%,

. (€7
C¢—JZ+2+b+|Z| %
Furthermore, use Eq. (26), we have
a1 §
CT=JQ—5—b+|Z|tan§
) 1 b+1/2 IZI2+ b+ 1/2)?
=it———by+|Z _
J; =5 b+l I( 7l %
=jl = VIZ?+ b+ 1/2)2
(C8)
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For C, we have

1
CT=jZT+§+b+|Z|

tan%
4] 4
=Jj, +5+tb+1Z] = =
2 b+1/2)=JI1ZI2+ b +1/2)
=j +1+b
_]z )

HIZPLUb +1/2) + VIZ)2 + (b +1/2)?]

_|Z|2
1
=j! —l—E—i—b—[(b—l— 1/2) + VIZI* + (b + 1/2)]

=jl = VIZP+ b+ 1/2)%

(€9

We have to stress that up to this step we did not impose any
constraint on the value JT . Therefore we have

N 1\?
Dol (9)) = <V0 + it =1z + (b+ 5) )Il/f¢(¢)>-

(C10)
For the other eigenstate, we have
v _ it _ § —ip/2 § i ig/2
1 (@) =€~ sin Je [1) + cos Sele 1)
= —sin %e‘“’f ~12914) + cos %eioei(ﬁﬂ/z)d’u).
(C11)

Using Egs. (C2), (C5), and (C11) and after straightforward
calculations, we have

(Do — Y)Y+ ($)) = C; <— sin %)y@l/z)‘plﬁ

£

+C| cos Ee“ﬁ“/me"e 1), (Cl12)

where Z, + iZ, = |Z|e” was used [see Eq. (25)], and the
coefficients C} and C| are given by

co=jt-L_y |Z|1
(I S PO
tan2 (C13)

;o 1 &
C¢21J+§+b—|Z|tan§.

By using Eq. (26), we have

/ N 1 |Z|
Ci=Jj;—5—-b—1Z
2 (b+1/2) = JIZP+ (b+1/2)
1 b+1/2)+VI1Z2+ b+ 1/2)?
=jt—5—b-1zP —Zp

.
=ji—5-b+(b+

Nivizerori2e
2 2

=i+ VIZP+ B+ 1)2)2.

(C14)

For Ci, we have
| &
C, =Jj+—+b—|Z|tan§

2
((b+ 1/2) = V1ZI* + (b + 1/2>2)

— it tb-1Z]
=7 1Z|

2

='¢1b—bl ZI2+ (b+ 1/2)2
A +2+||+(+/)

=i +VIZP+ b+ 1/2)%

(C15)
Therefore we obtain

Dolyr(9)) = (vo + jF +VIZIP + b+ 1/2)|¥,(9)).
(Cl16)
We also stress that up to this step we didn’t impose any
constraint on the value jj. Equations (C10) and (C16) give
us the result

Aol ¥, (¢)) = €D} ¥ (¢))

1 2
=elnw+j —o [IZP+ <b+ 5)) Vs (),

(C17)

where 0 = 71, | and 1 indicates plus sign +; | indicates
minus sign — for the term o/|Z|?> + (b + 1/2)2. Importantly,
hamiltonian H, cannot directly determine the value jZT and J}
This quantum number must be determined by using another
conserved operator. We find that J, = ¢, + goz commute with
H,, and the quantum number J¢ can be uniquely determined,
as shown in Sec. II.
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