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Persistent current in ballistic mesoscopic rings with Rashba spin-orbit coupling
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The presence of spin-orbit coupling affects the spontaneously flowing persistent currents in mesoscopic
conducting rings. Here we analyze their dependence on magnetic flux with emphasis on identifying possibili-
ties to prove the presence and extract the strength of Rashba spin splitting in low-dimensional systems. Effects
of disorder and mixing between quasi-one-dimensional ring subbands are considered. The spin-orbit coupling
strength can be inferred from the values of flux where sign changes occur in the persistent charge current. As
an important consequence of the presence of spin splitting, we identify a nontrivial persistent spin current that
is not simply proportional to the charge current. The different flux dependences of persistent charge and spin
currents are aniquesignature of spin-orbit coupling affecting the electronic structure of the ring.
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[. INTRODUCTION obtain a direct measure of the Rashba SO coupling strength
from the persistent currefit'® induced by a magnetic flux

The interplay between spin-orlii8O) coupling and quan- perpendicular to the ring. This approach would have the ad-
tum confinement in semiconductor heterostructures has resantage of circumventing entirely any problems arising from
cently attracted great interest. It provides a useful tool tacontacting the ring.
manipulate the spin degree of freedom of electrons by cou- There is a vast literature of theoretita® and
pling to their orbital motion and vice versa. As a result, spin-experiment&f 22 studies on persistent currents. From the
orbit coupling has become one of the key ingredients fottheoretical point of view, the effect of SO coupling on the
phase-coherent spintronics applicatidfid/arious sources of ~ Fourier transform of observables has been addressed in Refs.
broken inversion symmetry give rise to intringwero-field 22-24. Measurements of the persistent charge current have
spin splitting in semiconductor heterostructutésle focus  been performed both in an ensemble of metallic thgsd
here on the one induced by structural inversion asymmetryon single isolated rings realized in nanostructured 2D elec-
i.e., the Rashba effedtit is typically important in small-gap tron system$/28So far, persistent currents have not yet been
zinc-blende-type semiconductors and can be tuned by extestudied in rings where the Rashba effect is likely to be im-
nal gate voltages:’ portant. From our study, we find features in the flux depen-

Many proposals have been put forward recently for de-dence of the persistent charge current that allow for a direct
vices based on spin-dependent transport effects due to thiantitative determination of the Rashba SO coupling
Rashba SO coupling in low-dimensional systén ex-  strength. We discuss how averaging over rings with different
plore the possibilities for their realization, it is desirable tonumbers of particles and mixing between different 1D sub-
have a reliable way to determine experimentally the strengthands affects these features. An unambiguous signature of
a of the Rashba SO coupling. Transport experiments hav80O coupling is obtained from a comparison of the persistent
been performed in two-dimension&D) electron systems, spin current with the persistentharge current. In the ab-
and « was extracted from beating patterns in Shubnikov—desence of SO coupling, the persistent spin current is finite
Haas oscillatiors” as well as the SO relaxation time ob- only for an odd number of particles in the ring and is pro-
tained from weak-antilocalization behavior in the resistahce.portional to the persistent charge current. With SO coupling,
The only previous experimental studies of SO coupling inthe persistent spin current is finite also for an even electron
quasi-1D systems have measured transport through mesostumber. For an odd number of electrons in the ring, the
copic ringsi®!! Beating patterns in the Aharonov-Bohm persistent spin current is sizable only for small values of the
(AB) oscillations of the ring’s conductance are expected ta&SO coupling strength. The flux dependence of the persistent
arise from quantum phasés®®induced by the presence of spin current is generally strikingly different from that of the
SO coupling. charge current. Observability of the persistent spin current by

In practice, it turns out® however, that the signature of its induced electric fiekf~>2should enable an unambiguous
the Rashba effect in AB oscillations can be masked by feaidentification of SO effects in low-dimensional mesoscopic
tures arising due to the ring’s nonideal coupling to externakings.
leads. As an alternative, we explore here the possibility to The effect of electron-electron interactions on the persis-
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tent charge current in mesoscopic rings has been the subject 2l a2 19
of a long-standing debate, especially in the diffusive liffit. Ho=— oml a2t v +V(r).
However, in a ballistic quasi-1D ring, it appears to be quite mior ror

clear that, at low temperatures, interactions only affect_thero be specific, we use a parabolic radial confining potential
current amplitude, leaving its flux dependence essentially

unalterecd®* Signatures of SO coupling discussed in our work 1

presented here should therefore remain largely unchanged Vc(r)zzmwz(r—a)z, (4)
when interactions are switched on. A proper quantitative

treatment of interaction effects could employ a Luttinger-for which the radial width of the wave function is given by
liquid model for a clean interacting rifgthat has to be |,=\%/mw. In the following, we assumg,/a<1 and ne-
generalized to the case with SO coupling presei¥e post-  glect contributions of orddr, /a. In this limit, H, reduces to
pone a discussion along this line to a later publication.

The paper is organized as follows. In Sec. I, we write h?
down and discuss the model Hamiltonian used to describe Ho=— °m
the ring. Electronic properties and persistent currents of a
purely 1D ring are computed in the following Sec. Ill. Sec. We now calculate matrix elements of the Hamiltonian, Eq.
IV is devoted to the effect of higher radial subbands. Con-3), in the basis of eigenfunctions of E¢) that correspond
clusions are presented in Sec. V. to quasi-1D radial subbands, labeled here by the quantum

numbern. The diagonal matrix elements are given by

az

1
pe; + =mw?(r—a)?. (5)

2

Il. MODEL OF A MESOSCOPIC RING WITH RASHBA

SPIN-ORBIT COUPLING h?
Hnn

To2oma?

_c9+CI)
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2 a
- — 0
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For completeness and to introduce the notation used later
in our work, we outline here briefly the derivation of the . 1
Hamiltonian describing the motion of an electron in a real- —ig-o,thw,o,+he|nt >
istic quasi-1D ring®® We consider 2D electrons in they 2a
plane that are further confined to move in a ring by a radialrhe only nonvanishing off-diagonal matrix elements are
potential V(r). The electrons are subject to the Rashba SQhose coupling adjacent radial subbands:

coupling, which reads
+ ) n+1a
Hn,n+l:Hn+1,n:|U¢> o 7

w

. (6)

Ham 7 [oup—eR)y—oy(p-eAd. (1)

o . L IIl. PROPERTIES OF IDEAL 1D RINGS
Here A is the vector potential of an external magnetic field

applied in thez direction. The coupling strength defines
the spin-precession length,= w#2/(ma). The full single-
electron Hamiltonian reads

The ideal 1D limit for a mesoscopic ring is realized when
only the lowest radial subband is occupied by electrons and
all relevant energy scales as, e.g., temperature, voltage, and
disorder broadening are small enough such that interband
excitations can be neglected. In the following section, we
focus on this situation that can be realized in recently fabri-
cated ring structure¥.>°
where the Zeeman splitting from the external magnetic field
is included as the last term. Due to the circular symmetry of A. Energy spectrum of a 1D ring with impurity
the problem, it is natural to rewrite the Hamiltonian in polar
coordinates?

L (P=eA+ (p—eA]
2m

+V(r)+Hst+hw,o,, (2

Straightforward algebra yields the eigenenergieddgh
which are usually labeled by an integer numbger

21 9 19 1(,a+<1>2+v() o 1 1\
= — - — — | —+ — r - -
omlaz Trar 2o T @, ¢ Bq-=fhoqq ®0+2+20030q)
a J [ d hw 1 hw
——o|il—+—|+iac,—+hw,o,, (3 alq— + z
r r( dp Dy ¢ or e A (1 cogg,) ~ €osfy’ ®

where® is the magnetic flux threading the ring, the flux  Here we have introduced the frequenoy=%/(2ma®) and
quantum, o,=coseoytsingoy, and o,=-singo,  omitted the constant energy shift of the radial subband bot-
+cosgoy. In the case of a thin ring—i.e., when the radais  tom. The eigenvectors corresponding to the eigenenergies
of the ring is much larger than the radial width of the wavegiven in Eq.(8) are

function—it is convenient to project the Hamiltonian on the _

eigenstates of v, =e@ ey 9
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FIG. 1. Schematic illustration of the spin texture exhibited by

the eigenstates of the ideal one-dimensional ring.

with the spinors

Xq,+ 0 1 (10@
sin(—q giel2
2
(7
_ainl 29 ipl2
sin Z)e
Xq,—-— P (10b)
cog — | el#2
2
The angled, is given by*
a o 1
a9 %, 2
tan(6q) = — (11
hw, q—ao'Fz —fhw,

The spinorsy, - are the eigenstates of the operator

09,= 0,€080,+ o, sin b (12
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This yieldsHp=U"(Ho o~ fiw/2),, —oU Where

R g @ 1 2
=0 T T B, 205077
+ﬁw%1 ! ) (14)
4 coso)

Here co9 parametrizes the strength of the SO coupling.
The eigenstates in the local spin frame are simply
e'@*t12e¢|+) where|+) denote the eigenspinors of, and

the eigenenergies are given by Eg) with ,— 0 and v,

=0. Note that the orbital part of the eigenstates obeys anti-
periodic boundary conditions to compensate for the antiperi-
odicity of the spinors of Eq(10).

To discuss the effect of a nonmagnetic impurity, we ex-
ploit the formal analogy between a ring with an impurity and
a 1D periodic potential’ The latter is described by a Kronig-
Penney modél® with the magnetic flux playing the role of
the quasimomentum of the 1D crystal. The impurity is mod-
eled by its energy-dependent transmission amplitude
=|t|exp(d). The energy spectrum for the electrons with spin
| +) can now be obtained by solving the transcendental secu-
lar equation

|t|CO{2w(%i%§kg)) } =—coq27k.+ ), (15

complemented by the relation

E+=hw{K%+l(l— ! )} (16)
-4 cosd

In general, the secular equatid¢b5) cannot be solved ana-
lytically for arbitrary transmission function To simplify the
problem, we will now assume that the impurity is a delta-

and constitute a basis in spin space with space-dependefjciion barrierV,s(¢). The transmission coefficient for a
quantization direction, as shown in Fig. 1. We will refer to g;ate exqife)| =) is t=2x/[2k+iV,/(hw,)]. For states

this ¢-dependent spin basis as tleeal spin frame 6 is the  (jose 1o the Fermi level, Eq15) can be written as
angle between the local quantization axis and the direction
perpendicular to the ringz(axis). The tilt angle described by ®
Eqg. (11) becomes independent of the quantum numdper Tl ;

when the Zeeman energy is negligible, i.e., whém(q COS{ 2m <I>o> =Cog2mice) +Sgrin)ASIN2mic),
—®/dy+ 3)|>hw,. For typical realizations of mesoscopic (17)
rings with many electrons present, states contributing impor-

tantly to the persistent current fulfill this requirement. There-with a constanA=V, /(% wN), where\ is the total num-
fore, in the following, we focus exclusively on the limit ber of electrons. We also defined the effective fluxes
where Zeeman splitting vanishes afg— 0=Iimwﬁ00q.

Then all eigenstates have the same local spin frame, to which 1 1
we can transform using the $2) matrix O . =D+d, Eim)' (18
—il2 o —i@l2a; 0 . . .
€ COSE —€ S'”g Equation(17) with constantA would be exact for a barrier
U= . (13)  with energy-independent transmission amplitude-[1
ei‘/”zsinf ei"”zcosf —iA sgn(<)J/(A’+1). The approximated secular equation
2 2 (17) has the solution
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Kq + =0+ z—arco 19
a1 1+A2 (19

1 {coe(de)i/<b0)—sgr(q)\/A2[sin2(27rd>i/<I>0)+A2]
2 '

Equation (19) together with Eq.(16) yields the single- For spinful electrons, the flux dependence of the persis-

particle energy spectrum for a ring with an idealized impu-tent charge current is distinctly different for the following

rity. Note that, in the representation of the local spin framecases?® (i) N'=4N, (i) N=4N+2, and (i) N=2N+1,

the impurity problem maps onto that of electrons without SOwhereN denotes a positive integer. Whédis large enough,

coupling but with an effective spin-dependent fit&’given  the persistent charge current in unitsl g% w AM1d, has a

by Eq.(18). This is illustrated in an example spectrum shownyniversal behavior independent.bt We start discussing the

in Fig. 2. weak barrier limit(small A in our mode), shown in Fig. 3. In

case(i) where N=4N, the numbers of spin-up and spin-

B. Persistent charge currents down electrongspin projection in the local spin framare

é)oth even, resulting in jumps of the persistent current at

Having calculated the single-particle electronic propertie - . o T
of the ring, we proceed to evaluate the persistent charge cqu-?/q)O_ M+1/2+1/(2 C_C?SH)’ with M being integer. Th|§ IS
rent. At zero temperature, it is given By simply the superposition of the even-number spinless-

electron persistent current characteristics for each spin direc-
tion, shifted in flux by=+ 1/(2 cos#). Case(ii) corresponds to
’9_Ei, (20) an odd number of spin-up and spin-down electrons and ex-
P i e ocoupied P hibits jumps of the persistent charge currentdaid,=M
+1/(2 cost), which is the analogous superposition of the

whereEy is the ground-state energy akg are the single- appropriately flux-shifted spinless odd-electron currents for
particle eigenenergies. Hefestands for a set of quantum each spin direction. Note that the cage 4N+ 2 is obtained
numbers used to label corresponding eigenstates, includingom the A’'=4N case simply by shifting flux by 1/B,. It is
here the spin projection in the local spin frame. The secon@pparent that, for both casés and (i), the minimum dis-
equality in Eq.(20) is valid only in the absence of electron- tance between jumps of the persistent charge current within
electron interactions, which we neglect here. The zerothe periodic flux interval is a measure of 1/gband, hence,
temperature formula applies when the thermal en&gdyis  of the SO coupling strength. In contrast, for caisie—i.e.,
smaller than the energy difference between the last occupiegh odd number of electrons in the ring—jumps appear at the
state and the first unoccupied one. Generally, temperatutgame values of flux®/®,=0 and+1/2) as in the absence
induces a rounding of the sharp featutsnps in the flux  of spin-orbit coupling. The only effect of SO coupling turns
dependence of the persistent current that are due to levglt to be a suppression of impurity rounding for these jumps.
crossings. In the following, we will always consider the This can be explained quite easily. Inspection shows that, for
number/V" of electrons in the ring to be fixed—i.e., work in finite SO coupling, jumps in the persistent charge current in
the canonical ensemble. This is the relevant situation for aghe case of an odd number of electrons are due to a crossing
isolated ring. of levels with opposite spin, while those in the case of an
even electron number arise from crossings of levels having
the same spin. As a spin-independent impurity cannot couple
levels with opposite spin, only the jumps in the case of an
even electron number get rounded because of impurity-
induced anticrossings. For an odd number of electrons,
jumps in the persistent charge current get broadened only by
temperature. The effect of increasing the impufiparrien
strength can be seen by comparing Figs. 3 and 4, where the
persistent charge current is shown for different SO coupling
strengths, occupancy of the ring, and disorder.

Measurements are often performed on ensembles of many
rings?® The measured persistent charge current is then an
average over different occupation numbers, with even and
odd occupations occurring with the same probability. Among
cases with even electron numbevs=4N and 4N+ 2 would

FIG. 2. Single-particle energy spectrum of an ideal 1D ring with @S0 be equiprobable. An example of average persistent
a models-barrier impurity. Parameters are aps2/5 andA=0.1.  charge current is shown in Fig. 5. It exhibits the well-known
Energy levels for states corresponding to spianplid Iine) and period ha|Vin§0’21WhiCh must occur irrespective of the pres-
spin-down(dashed lingin the local-spin-frame basis are shifted, in ence of SO coupling. Most importantly, however, all features
flux direction, by 1/co¥. present for the single ring and discussed above for different

g

6

Energy/(h o, )
[3%] (7] i S i w
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FIG. 3. Persistent charge current vs magnetic flux for a set of

values for the spin-orbit coupling strength. The total number of F|G. 4. Same as Fig. 3 but with different impurity parameter

electrons is set toM in panel(a), to 4N+2 in panel(b), and to  A=0.5. Note the remaining sharpness of jumps in the case of an

2N+1 in panel(c) in the regime of large-enough such that the  odd electron number and finite spin-orbit coupling even at this

persistent current is universal. A dimensionless barrier strength ofather large value of.

A=0.1 was assumed. The persistent current is measured in units of

lo=frw NPy, A particular case where this fact matters is the one to be
considered here. As the electron velocity in the presence of

occupancy are still visible. It should therefore be possible tago coupling turns out to be an operator in spin sffaaad

obtain the Rashba SO coupling strength from a measuremeglgenstates for electrons of the ring correspond to eigens-

of the ensemble-averaged persistent charge current. pinors of a spatially varying spin matrfo, as defined in
Eq.(12)], the proper expression for the spin current has to be
C. Persistent spin currents derived carefully. After presenting details of this derivation,

As electrons carry spin as well as charge, their motion we proceed to show results for the persistent spin currents of

gives rise also to a spin current besides the charge currenetleCtrons in a ring with Rashba SO coupllr_lg. L
Very often, the difference of charge currents carried by The operator of thev component of spin den5|ty In-a
spin-up and spin-down electrons is identified with the spinféal-space representation is given sy(N) = ,(r")&(r
current. While this is appropriate in many contexts, it has to—r’ ), with o, being the S2) spin matrix whose eigen-
be kept in mind®*2that the spin current is actually a tensor. states form the basis for projection of spin in thdirection.
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0.6

J.(N=v(Na,. (22b)
0.4

We have used the symb(ﬂsand; to denote unit vectors in
thez and v directions, respectively. Note that the expression
(22b) and the source term on the right-hand s{&+HS) of

Eqg. (22a have been written in the usual shorthand notation
where it is understood that the real part has to be taken in the
expectation value. As an example, we fix z and consider

the case of electrons moving in the lowest quasi-1D radial
ring subband. We find, after transformation into the represen-
tation of the local spin frame, for the continuity equation
(229 the simple expression

0.2
—_ I
= 0
—_
02"

0.4

d +1 J _2 ( d . 1)
G549 5£11(¢)_ w0y '% %0

tané.

(239

The only nonvanishing ) component of the spin current
turns out to be

cd 1
"9 by 2cosh

0'Z> o,C0s6

ooy
Jz(‘P)

. J :
I@ %)O'XSII’IG]. (23b)

Eigenstates on the ring which are labeled by quantum num-
bersq ando carry a current for the projection of spin given

FIG. 5. Average persistent charge current for an ensemble ofY

identical rings with different electron numbers, shown as function 1 1 9E

. . . . . . q,0
of magnetic flux for different values of the spin-orbit coupling |§qg):—<lf(¢)>q(r: S o COoSé, (24)
strength. The impurity parameter &=0.1 in panel(a) and A 2ma e b
=0.5 in panel(b). The current unit isl =% w N ®,, where N/ which is just the charge current multiplied by the magnetiza-
denotes the average number of electrons. tion in z direction of the corresponding stdte.

As an important example for the current of a spatially
In general, this projection direction can vary in space. Thevarying projection of the magnetization, we consider the case
equation of motion for the spin-density operator is given byof the ocal spin frame: i.eq,(17) = o 4(¢). [See Eq(12).]

the familiar Heisenberg form Additional terms arising from derivatives of, with respect
d i to polar anglep appear in the continuity equation fsg(F).
_SV(F): —[H,SV(F)] (219  After transformation into the local spin frame, it has the ex-
dt h tremely simple form
d S ) i TG (e d L7 ieto)=0 25
:(agv(r/))5(r_r/)_vr».[gv(r/)v(r)]_ ase(QD)JFg%Jg(SD)— : (2539
(21D with the current
HereV} denotes the gradient operator acting on the coordi- i ):ﬂ _ii_i_ 1 oo (25
nater, andu(r) is the electron velocity operator. The latter V)= mal 7'e T ¢e 2coss 727
differs from its expression, in the absence of SO coupling The current of magnetization parallel to the quantization axis
by a spin-dependent teffrv =vy+ a(zX o) /4. in the local spin frame carried by eigenstates is therefore

Straightforward calculation for the case sgatially con-  given by
stanto, and vanishing Zeeman splitting yields the continuity 1 0E
equation @)= _ = 7=%0
0 e ob

(26)

d . - . . 2a . . . I Comparison with results from above vyields the relation
gD TVsN=—glvx(zxa)]-(p=eA), 199 =1 cosg, and we have derived also the related one
1{99) =1 {9%)sin 9
(229 'r 0 : : :
We now present results for the total persistent spin current
with the » component of the spin-current tensor given by | ,=%,l ((,q") for the projection onto the quantization axis of
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. , ) . FIG. 7. Comparison of persistent spin currents for electron num-
FIG. 6. Persistent spin current for spin projection onto the Iocalber equal to M+ 2 (dashed cureand 2N+ 1 (dotted curvie The
spin frame (dashed curjeand persistent charge curregolid barrier strength iA=0.5 and co$=0.9 corresponding to a small

curve vs magnetic flux for the case with electron numb&42. oy it coupling strength. The magnitude of persistent spin cur-
The barrier strength i8=0.5 and co®=0.66. The current is mea- rent decreases rapidly for an odd electron number as) @y

sured in units of y=% w N/ . proaches 0.66.

the local spin frame. As shown above, spin currents for cer- IV. EFFECT OF MANY RADIAL SUBBANDS
tain other projections can be easily obtained from The In the previous section, we have analyzed the persistent
fact that flux dependences for the persistent current contribu- P ’ y P

tions from opposite-spin eigenstates are shifted according gurrent in a strictly 1D ring—i.e., a ring with only the lowest

Eq. (18) results in large spin currents at certain flux values.rad"':1I subband occqpl_ed by electrons and a sufﬁmeptly Iar_ge
In particular, this is realized when the currents carried b ubband energy spI|t_t|ng. We now genera!lze this discussion
electrons with opposite spin flow in opposite directions. Int0 the case where higher subbands are important. SO cou-

: : : pling introduces coupling between neighboring radial sub-
Fig. 6, we show the persistent spin current for an even num ands as described in EE7). More specifically, the Hamil-

ber of electrons. For comparison, the persistent charge ch— ian, Eq.(7), couples radial subbands with opposite spin in
rent is plotted as well. Both exhibit strikingly different flux onian, £q.{/), coup al su With Opposite spin |
dependences. Note also that, in the absence of SO couplinﬁ,e IOC‘?" spin frame, Ie@_dmg to nonpara_lboI|C|_ty of energy
the persistent spin current vanishes for even electron numb {SPersions anq to hybridization of opposite-spin bands. The
in the ring. Only the relative shift of energy bands in flux physics in the I|m|t_ of strong subba_nd cc_Jupllng is analogous
direction caused by SO coupling enables a finite persisteﬂﬁ. Wh?;.hizpegze'::; %uané%mnwggf W';g §2§h4b4a ﬁgecetu.'
spin current in this case. For an odd number of electrons, thB'?fg’. Its tS i IS tuhsst HI S: i 'bi » s
persistent spin current is finite both with and without SOTUII'C'inl o _r]:oﬂl]ce d'all 'cj]t'ﬂﬂf ﬂ:S neg '?' et' "
coupling present. We find it to be sizable, however, only for @’ ’so —1-€., I Ine radial wi of the wave function IS
small values of SO coupling strength. We show a comparis,oﬂmch.fsma.IIer tha}n _the spin-precession length. This co_ndmon
of even and odd electron number cases in Fig. 7 Is fulfilled in realistic samples. Therefore, we neglect in the
The persistent spin current would be a mere theoreticaf,[lo"C’W'ng the coqglmg t?mt]ﬁ Ect\{l.Z).lForthte silée Ogs'”l‘:p“;;
curiosity if no detectable effect of it could be found. Fortu- Ity we now consider only the two fowest subbands. Further-

nately, this is not so. Recently, it has been pointed out b¥r&10re, we |rt1rt]rotdtlrJ]ceba bamgr mthetsamelwzyﬁas mtSe%.bIII A&
several authof®32that a spin current, being a magnetiza- - >>uMiNg that the barrier does not couple ditierent subbands

tion current, gives rise to an electric field. This is easilyand_ that the transmission _coefﬁment IS _the same for2 both
proved by making a Lorenz transform to the rest frame oirad'al sub_bands and is given by=[1-1sgn()A]/(A

spin. For example, the electrostatic potential for a point at a~ 1)» We find for the energy spectrum

distancez<a from the plane of the ring on the vertical from

the center of the ring is _ 2 } _ ( 1
Eq=n ﬁwd[ Kg -+ 7 1 020 +how| N+ Ak
(28)
Mo .o a ) . o
$(2)~ 7 gusl ssin 9;, (27) wheren=0,1 is the subband index ang, .. is still given by

Eqg. (19). In Fig. 8, we show the average persistent current

with and without SO coupling. In comparison to the single-
where u is the vacuum permeabilityg the gyromagnetic subband case, additional fine structure appears due to cross-
ratio, ug the Bohr magnetora the radius of the ring, and  ing of levels with different radial quantum numbers. The
the tilt angle due to SO coupling. This result is identical with jumps arising from these extra crossings are very sharp due
the one derived in Ref. 30 for the electric field resulting fromto the way we model the barrier and occur at flux values that
persistent spin currents in Heisenberg rings. are strongly dependent on the ring occupancy. All other fea-
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ent electron numbers, the same SO-related features discussed
in the purely 1D case.

V. CONCLUSIONS

We have investigated the effect of Rashba spin-orbit cou-
pling on the persistent spin and charge currents circling in
ballistic quasi-one-dimensional rings. The flux dependence
of persistent charge currents exhibits features that allow for a
direct measurement of the spin-orbit coupling strength.
These features survive averaging over different electron
number configurations as well as the inclusion of higher sub-
bands. The most striking effect of spin-orbit coupling dis-
cussed here is the occurrence of finite persispitcurrents

FIG. 8. Average persistent current vs magnetic flux for a ringfor even electron numbers. We have carefully derived the
with two occupied radial subbands. The barrier strengthAis ~Ccorrect general form of spin currents in the presence of spin-
=0.1. The average is performed on an ensemble containing ring@rbit coupling. The possibility to measure persistgpin cur-

with occupancy ranging from 60 to 80 electrons.

tures discussed for the strictly 1D case occur at the same fl

latter are magnified and the former demagnified, as it is evi
dent comparing Fig. 8 with Fig.(8). The dependence of the

average persistent current on the SO coupling and barrier

strength is the same as for the 1D case; hence, we do n
show it again for the many-subband case. The presence

Ha

values for all radial subbands. Hence, upon averaging, th

rents via the electric field generated by their transported
magnetization should make it possible to unambiguously
verify the presence and magnitude of spin-orbit coupling—
mely, by the different flux dependences of persistent spin
&nd charge currents.
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