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Persistent currents from the competition between Zeeman coupling and spin-orbit interaction
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We investigate the role that the spin degree of freedom plays in persistent current and show that Zeeman
coupling induces persistent current as conventional Aharonov-BéiBn flux does by competing with spin-
orbit (SO) interaction. We demonstrate that, in the presence of SO interaction, Zeeman coupling and AB flux
break time-reversal symmetry through intrinsically different mechanisms. A corresponding interesting observ-
able effect for persistent current is generally found and explicitly computed for a symmetric mesoscopic ring
with noninteracting electron$S0163-18207)02707-(

Persistent currents in multiply connected mesoscopic sysnan coupling can induce the persistent currents in a way that
tems have attracted much attention in recent yb@snven- is totally independent of its inhomogeneity that results in the
tionally, persistent currents are produced by applying maggeometric phasg. . ) .
netic flux to the system and are regarded as one of the The purpose of this paper is to reveal the role of TRS in
famous manifestations of the Aharonov-BoliiB) effect. persistent current phenomena when the spin degree of free-

Through a standard current-current coupling, the AB effecfiom IS fully taken into account. We show that by competing
with spin-orbit interaction, Zeeman coupling can induce per-

only mvplves the orbital degr.eg of freedom. Slnce elecmnssistent currents in the mesoscopic rings with an odd number
have spin as well as charge, it is therefore of interest to studyt electrons even in the presence of disorder and electron-
if the spin degree of freedom can play some effective angjectron interaction, though our illustrative example is a
significant role in persistent current phenomena. solvable model that is cylindrically symmetric and noninter-
Recently, based on the discovery of the geometric phaseacting. For noninteracting rings, we demonstrate that in the
many authors have investigated the persistent currents ipresence of SO interaction, as a result of the simultaneous
duced by the geometric phases, which originate from the&pin and orbital quantum number dependence of the energy
interplay between an electron’s orbital and spin degrees ofalue and current magnitude for each single-particle Kramers
freedom. Such interplay can be maintained by external elecdoublet, the TRS breaking mechanism due to Zeeman cou-

tric and magnetic fields, which lead to spin-ort®O) inter-  Pling is intrinsically different from that due to AB flux,
, : : - which was investigated by Kravtsov and ZirnbatfeAs the
action and Zeeman coupling, respectively. Leal. studied .corresponding observable effect, we find that the direction of

t_he t3extured fing embedded. in inhomogeneous magnetq:he currents induced by Zeeman coupling changes periodi-
field” On the other hand, Meiet al. showed that SO inter- 4y with the particle number, while AB flux determines the
action in one-dimensional rings results in an effective magqirection of the induced currents by its sign alone. Through-
netic flux* Mathur and Storfethen pointed out that observ- out the discussion, we emphasize that the observability of the
able phenomena induced by SO interaction are th@bove-mentioned symmetry breaking effects can only be en-
manifestations of the Aharonov-CashH&cC) effecf in elec-  sured in systems with a strong SO interaction that can pro-
tronic systems. Balatsky and Altshufe€hoi? and Oh and duce an AC phase of order unity. We also point out that the
Ry’ studied the persistent currents produced by the AC efzero-temperature and the low-temperature persistent currents
fect. derived for the perfect rings do not change qualitatively if

isordered rings are considered. As the observed current

So far the effects of SO interaction and Zeeman couplind’! itude i Vi g GaA As i
on persistent currents have only been discussed separate agnitude in a strongly interacting S8, _,As ring

As is well known. SO interaction and Zeeman coupling are29'€€S well with the theoretical predictions for weak disorder
’ PING ar€ nd small number of transverse chanriélg finally have a

.Of q““e_diff‘?fem time-revers_al tra_nsformation prop_erties. SOnumerical estimation for a simplified model of a ring formed
interaction is time-reversal invariant and results in the Abe a two-dimensional electron gé2DEG) on a semiconduc-

flux, which induces the charge current in each single-particleq, heterostructure, which provides a strong effective electric
electronic state. However, at finite temperature the thermakig|qy and makes experimental observation possible.

equilibrium persistent currents always vanish in systems that \ye first derive the exact solution for a noninteracting ring
possess time-reversal symmetRS). On the other hand, in the presence of the cylindrically symmetric SO interac-
Zeeman coupling breaks TRS. In particular, the finite-tion, Zeeman coupling, and AB flux, based on the concepts
temperature persistent current is essentially a manifestatiosf spin cyclic evolution and the corresponding Aharonov-
of the breaking of TRS due to certain external influence. WeAnandan(AA) phase®® For a 1D ring lying in thex-y
therefore expect that in a many-electron system Zeeman coplane with its center at the origin, in the presence of both
pling can induce the persistent currents by competing witlelectric and magnetic fieldsE=E(cosy;e —siny:&,),

SO interaction, which cannot produce the finite-temperatur®=B(siny,& + cosy,€e,) in the cylindrical coordinate sys-
persistent current by itself but provides a complete set ofem, the one-particle Hamiltonian for noninteracting elec-
current-carrying single-particle states. This implies that Zeetrons is given by
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with o,=o,cos9+0,sinf, a=—eaBHdmc?, and wg

—geB/2m.c, wherea is the ring radiusg is the angular
coordinate, andp is the enclosed AB flux in unit of flux
quantum. The exact eigenfunctions, , and eigenvalues
En,,. of Hamiltonian(1) are obtained as follows:

Vo u(0)=eXHinO) i ()27,  p=
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wherew,=(n+ ¢+ 3) wg, wo=%1/Ma2, andB, is given by

2aw,Siny,+ wgSiny,
2a®,COSY1+ wgCOSY2— W,

tan3,= 4
From the eigenenergie), the persistent currents of the
single-particle states can be expressed as

In =N+ ¢— (Phpt PEY /2, (5

where &4 ,=— m(1— ucosB,) is the geometric AA phase
and®%,= —2umacos@B,— x,) the dynamical phase contrib-
uted by the SO interactioff::®
For =0 andwg=0, Egs.(3), (4), and(5) yield
0 ﬁwo( ‘bﬁc)z 0 NS
n , =Nn——=—,

nu 2m

2 ©

where the AC phas@f.=—m(1+2up) is the sum of the
AA phase ®4, and dynamical phased®%,, with

p=\a?—acosy+;i and ® .+ d,o=—27.1 This gives
the single-particle Kramers doubIet‘PQvﬂ, \If(ln_ly_ﬂ)
with the degeneracEﬂ,MzE‘ln_ly_M and the current rela-

tion J%M: —J(ln_lv_ﬂ in which n is the orbital quantum

number whileu is for spin. Due to this single-particle Kram-

ers degeneracy, the entire set of energy eigenstates can

divided into two subset§E w=*}, mutually degener-

N
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FIG. 1. The current-carrying single-particle states and their level
spacing caused by the AC phase of order unity.
+278=®d,-(mod 27). The vertical and the horizontal arrows
indicate the spin orientation and the current direction, respectively.

enough to result in an AC phase of order unity, a complete
set of current-carrying single-particle states resulting from
the fractionalf is essential to the observability of the low-
temperature persistent currents that Zeeman coupling or AB
flux induces by lifting of the Kramers degeneracy. Besides
the generation of single-particle currents, the fractional part
of the AC flux also plays an interesting role in the filling of
the Fermi sea of the mesoscopic rings.
For small¢ and wg, the eigenvalues are of the form

En,=EJ , +uhogal2p+hiog(n+1/2+up)p, (7)

with q= aCosfy;— x,)— 3C0Sx,. The persistent current, ,

also changes fror’dgyﬂ. But this only leads to a high-order
correction to the many-electron thermal-equilibrium persis-
tent currents we will derive. Using Eq&), (6), and(7), we

can easily derive the low-temperature charge currents for
small ¢ and wg in the noninteracting many-electron ring.
For particle numbeM, there are three cases wikh=2N,
M=4N+1, and M=4N+ 3, respectively, wheré is an
arbitrary integer. We find the charge current fdr=2N is
always zero whenp=0 andwg=0, even at zero tempera-
ture. This is actually a result of the Kramers theorem, which
states that the Kramers degeneracy due to TRS only exists
for odd M. Accordingly, the everM ground state ath)=0

and wg=0 is a singlet that carries no net current. It can be
teduced that the dependence of the eMerero-temperature
currents on the TRS breaking couplings are smooth and ana-

ate to each other with one-to-one correspondence. For thgtical. Kravtsov and Zirnbaué? have shown further that,

purpose of later application, we divigeinto its integer part
m and fractional partf (—0.5<f<0.5). We note that if
®4{-=0 or m(mod 2m), i.e.,f=—0.5or 0, then additional
degeneracy appears and in each bralﬁEIﬂ,M} the two

for odd M electronic systems, the AB flux lifts the Kramers
degeneracy and induces the persistent currents, which vary
discontinuously with the flux at zero temperature.

For M=4N+1 and N+3, if wg<Nw, ¢<<1, and

single-particle eigenstates with opposite currents become dd-<Nfiwo/kg, we can consider only two single-particle
generate. Actually, such additional degeneracy is lifted bystates at and near the Fermi Iev.el to dgnve the currents be-
any weak disorder and consequently each of the singlec@use other states are much higher in energy. One is the
particle states carries zero current, as illustrated in Fig. 1. ABighest occupied stat,_ , and the other is the lowest un-
we will see later, so long as the SO interaction is strongoccupied stateV _,__; _,. These two states form the Kram-
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ers doublet awg and ¢ equal zero. Denoting their energies
ase.=ey* € and currents a3. =+ J, we have the thermal- ~- Pl e 4 4%%% e
equilibrium currents
(J)=—Jtanh e/kgT). (8) R e ﬂ%é%_v‘% " i
To Justlfy the above Simplification, the energy'level SpaCing energy level splitting energy levels with energy level splitting
betweenEnF P and E_nF_lr_P must be much smaller than due to Zeeman coupling SO interaction only " due to AB flux
the unperturbed spacing betwegf , (orE2, _;_)) and
its nearest neighbor in energy in the bran{iEﬂ 1 (or _ FIG._2. The smgle-pa_rtlcle_energy levels in the presence of SO
P interaction only and their shift caused by AB flux and Zeeman

{En,—,}). The level spacing of the latter kind is approxi-
mately Ang|fwof for large|ng|~N with f the smaller of

. ) u
7l an(;j 2(?77'5_f|ftl’l a_nd !t alm(l)jt (;/_amzhesdad;AC_ 0 and | matters while the other is of the forty ¢ in which only the
m(mo ) if the ring is weakly disordered. So, in general, sign of the current matters in finding the state with lower

besides the generation of single-particle currents, the stron ergy. Hence, under the influence of AB flux, the sign of
SO interaction that results in the AC phase of order unity ig,q ground—sta[te current never changes with the particle

also necessary to the validity of the above two-state approxiy , mber. But for Zeeman coupling, instead of the sign of the

mation. W_e depict the current-carrying ch_arapterl_stlc of thecurrent, the spin orientation of the ground state remains the
single-particle states and their level spacing in Fig. 1 to il-

Psme. We can understand why Zeeman coupling makes the

coupling.

]Icustrattr? tR((e:sehtwo efssegnal elltemer:jtary fet‘.(t:t?’ \t’;’]h'%h reSUlirrent sign change periodically with the particle number as
rom the phase of order unity and constitute the basis Ofq) 4y, Suppose the single-particle state at the Fermi level

the following derivation. . . )
=+ < = —
Using Egs.(6) and (7), for the system with Hamiltonian IS Wng,, with p . T Gus/p=<0 (or p t ,
(1) and odd M noninteracting electrons, we obtain the qug/p>0), when adding two electrons to the system, first

thermal-equilibrium persistent currents the single-particle statelf_nF_l,_p just above the Fermi
level is occupied. The second state that becomes occupied is
(= I +tanr{ 1 ] © .\I’mF,p and n‘(l),: is .determined by tohe condition thEﬁTpr is
’ kgT just aboveEnF’p in the branch{Ep, ,}. In short, adding the
with Jg . = n; +1+p, where forM=4N+1, n; =N=m if falectrons two by twp effectively lets the single-particle §tates
—05<f<0 or nf=—N—1-m if 0<f<0.5; and for in {\_Ifn,p} be occupied one by one accordmg to the single-
M=4N+3, ni=-N-1-m if —05<f<0 or pa(r)tlcle energy Ievel$l_5n,p}, which are qnly dn‘ferent from
{En,,} by a uniform shiftpfi wgq/p. This picture is true even
if the ring is disordered. It is easy to verify from E@) that
due to the noninteger part df4-/27, the electron filling is
not fully symmetric with respect to the quantum number
n+pm. More explicitly, the fraction 1/2 pf plays an inter-
esting role, which makes the orbital quantum numfberof
the top electron take the valulls- pm and—N—1— pm for

q
EﬁvaLﬁwoJ,:j(ﬁ

ng =N—m if 0<f<0.5. In deriving the two alternate cases
of M, the filling with respect to the splitting of the Kramers
doublet plays a crucial role and will be explained below. As
T approaches 0, the dependences 68)4y:1 and(J)an 3

on ¢ and wg both tend to step functions. What we must
point out here is that although E¢P) is explicitly derived

from the model Hamiltoniaril), the existence of the persis- )
tent current induced by Zeeman coupling or AB flux alone inth® two alternate cases of odd, respectively. As a resul,

electronic systems with SO interaction is not subject to thd®' 18r9€[Ng|, Me=—ne. This is to say that the ground-state

absence of disorder or electron-electron interaction. Actuallyurent changes its sign periodically with the particle number
d such sign dependence can survive at low temperature.

as already indicated by the above calculation, so long as thdd S ) X A .
time-reversal invariant systems with odd number of electrons It is Wc|>rthwhlle_ to further mves;:gate the mfluelnce OL
have degenerate current-carrying ground states, either Zeglectron-electron interaction on the above results. The

man coupling or AB flux can induce the persistent current byEXPerimental observation of the persistent currents in a

breaking TRS and lifting the Kramers degeneracy. ConcernSaAs-ALGa; ,As ring shows that electron-electron inter-

ing AB flux only, this point has been emphasized in Ref. 10.actions do not significantly chan_ge thg \(alue of persistent
Back to the noninteracting rings, for largé, we see current, and the_ observgd_magnltude is in good agreement

Jr . changes its sign frofM=4N+1 to 4N+ 3, but with with the theoretical prediction for weak disorder and small

its’ magnitude almost the same. This leads tohumber of channel5: We therefore expect our results are at

(ans1~—(Danss for $=0, and(Ians1~{IVans5 for least qualitatively and probably quantitatively related to

wg=0. So there exists an interesting and striking difference’°Me regl systems, which are quas[-one—dlmen;lonal and
between the symmetry breaking effects of Zeeman couplin eakly d|1540rdered. We ”?a"e. a nhumerical estimation for an
and of AB flux. The origin of such a difference is that when hAs ring.™ The Hamiltonian is of the form

lifting the Kramers degeneracy, Zeeman coupling chooses

the ground state with a specific spin orientation while AB _i oA
flux chooses the ground state with a specific current direc- s~ om | PT ¢
tion, as illustrated in Fig. 2. This is obviously presented in

Eq. (7) in which the energy shift comprises the two parts.wherem=0.023n, is the effective masg?x=6.0x 10~ 1°

One is of the formufwg in which only spin orientation eV cm is the SO coefficient, angl=15. Here the effective

2 geﬁ
+hk[oXp],— 4—mC0'-B, (10)
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mately 3<10" cms !, corresponding to|ng|~60 and
lr=evg/2ma~8 nA. Using the exact solution in Eq&2),
(3), and(4), we numerically compute the charge currents due
to Zeeman coupling in the noninteracting system with fixed
particle number. The dependence of the currents on the mag-
netic field is depicted in Fig. 3 for various temperatures, with
the zero-temperature limit as a step function. The striking
dependence of the sign or the direction of the charge currents
on the particle number is also depicted in Fig. 3. We expect
these phenomena can be observed in experiments within the
reach of existing technology.

In conclusion, we have shown that in the presence of
strong SO interaction, Zeeman coupling can induce persis-
tent current by breaking TRS and lifting the Kramers degen-

FIG. 3. The charge currents in the InAs ring. The dashed and theracy. We have demonstrated that the TRS breaking mecha-

dashed-dotted lines are fdd=4N+1 andM=4N+3 atT=10
mK. The solid and the dotted lines are fd=4N+1 and M
=4N+3 atT=100 mK.

electric field is in thez direction, hencey,;= /2. For the
loop of radiusa=1 um, the dimensionless coefficieatis

found to bemax=1.8, which is large enough to result in an

AC phase of order unity® The Fermi velocity ¢ is approxi-

nism due to Zeeman coupling is intrinsically different from
that due to AB flux. We have found that the direction of the
persistent currents induced by Zeeman coupling changes pe-
riodically with the particle number, while AB flux deter-
mines the direction of the induced currents by its sign alone.
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