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Influence of ferromagnetic spin waves on persistent currents in one-dimensional mesoscopic rings
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The influence of the electron-magnon and the electron-phonon interactions on the persistent current in a
one-dimensional mesoscopic ring is studied. We show that, due to the electron-magnon interaction, the am-
plitude of the persistent current is exponentially reduced compared to the free case. Two features occur in the
presence of an electron-phonon interaction. For the normal state of electrons, the persistent current is weakened
by the Debye-Waller factor. Considering the so-called Peierls distortions, we show that the effect of the Peierls
instability on the amplitude of the persistent currérd., the oscillation with respect to the fluis suppressed
significantly and the persistent current will be practically undetectable in the case of a wide-gap Peierls
material.[S0163-18206)05224-1]

[. INTRODUCTION excitation spectrum turns out to comprise an acoustic mag-
non mode along with an optical magnon mode where the
Persistent current is an equilibrium property of an elec-optical magnon involves spatial spin oscillations within a
flux. The prediction of the existence of persistent currenté),f the interaction betweep el'ectrons and magnons on.the per-
could be traced back to more than three decades dgthe sistent current. By considering the electron-phonon interac-
) o . N tion in the mesoscopic systéfit has been shown that per-
renewal of the interest in this topic is due totBker, Imry,

4 . . sistent currents decrease. Such an interaction has been
and Landauef,who suggested the existence of persistent ey considered by Nathansetal? in the situation that

currents in & one-dimensional ring threaded by a magnetigy energy gap is opened in the electronic spectrum at the
flux and predicted that any physical property of the ring is 8rgrmj energy. They discussédhe Peierls instability in a
periodic function of the magnetic flux with a fundamental mesoscopic ring as well as the flux dependence of the Peierls
period®y=hc/e. Since then the persistent current in meso-ransition and showed that the amplitude of the oscillatory
scopic ring has been the subject of extensive studies botgersistent current is suppressed significantly. The Peierls
theoreticall§‘7 and experimentall?.The theoretical studies phase transition has been observed in many of organic
include the investigation of multichannel rings and disor-chains. The fluctuations of a purely one-dimensional Peierls
dered rings, the effect of the spin-orbit interaction, thedistortion have also been observed below room
electron-electron interaction, and the electron-phonon intetemperaturé® Through investigations of the Aharonov-
action on the persistent currehtAmong these theoretical Bohm (AB) effect in Peierls insulators with a charge-density
studies, Los®t al.” considered a specific model in which the wave(CDW), it has been showfithat there is a contribution
mesoscopic ring was placed in a classical static inhomogesf thermally activated solitons, in a ring consisting of a com-
neous magnetic field and illustrated the connection betweemensurate CDW, oscillating with a perickl=#c/2e. Such
the persistent current and the Berry phase, as well as then AB effect occurring in insulators is not related to the
possibility of its experimental verification. In particular, they motion of free carriers, but is due to the polarization of elec-
predicted that the system supports the persistent equilibriurmonic states in the valence band by a magnetic field. The
spin and charge currents, even in the absence of conventiontally intriguing effect of the magnon of the spin wave in
magnetic flux through the ring. The applied magnetic fluxtexture should appear in the low-lying excitations of elec-
plays the role of only an adiabatic parameter rather than &ons in the ring. Therefore, investigations of the suppression
trigger of the current. on persistent currents by an electron-phonon interaction and
As pointed out by Los®t al, the texture in the system the appearance of the Peierls instability in the system con-
studied in Ref. 7 could be recognized as an intrinsically fersidered by Los®t al. are certainly necessary.
romagnetic material or an inhomogeneous insulating ferro- For this purpose, we study the one-dimensional mesos-
magnetic substance. Therefore, there will be an elementamgopic ring involving both magnons and phonons. In this pa-
excitation of spin wave$ (ESW) in the texture at finite tem-  per, we first investigate the effect of the quantum fluctuation
perature when applying a small perturbation on the textureof the texture due to the magnon upon the persistent current
In the study of organic materials, Aokt al!! found that the in the ring. We then study the electron-phonon interaction in
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the system that has been affected by the magnon and discugspectively. The electron-magnon interaction is represented
the Peierls instability on the persistent current. We willby the third term, where we assume that the coupling coef-
show, in this situation, that the persistent current is supficientM satisfiesl\/l,q:M;‘ . The Hamiltonian Eq(1) can
pressed simultaneously due to two nonclassical effectge rewritten in the following form by separating the hopping
namely, the fluctuation of ESW due to the electron-magnonerm from the other terms:

and the electron-phonon interactions in the mesoscopic sys-

tem. The system we are considering is a simple tight-binding H=Ho+Hy, 2
one-dimensional mesoscopic ring with the circumference\\Nhere

L=Na threaded by a magnetic flux. Heeeis the lattice

spacing andN is the number of the lattice sites in the ring. In N

studying the one-dimensional tight-binding mesoscopic ring Ho= >, (60— pm)cici+ 2>, fwgbibg

involving magnons;!’ the on-site energy of the electron is =1 a

assumed to be,= augB, whereBn is the magnetic field of

the specified texture with an angtedescribing the deviation + > Mge'%%(by+bl)c/c (3)

of the vectorn from the symmetric axis of the ring, a!

mp=gen/dmc is the Bohr magneton, and==*=1. In the gzpg

present approach, we will adopt the adiabatic approximation,

i.e., the spin aligns along the local magnetic textufe.low + +

temperatures we consider the special situation that the mag- Hy= _JZ (Cl41C1TCClen). (4)
netic field is so strong that the spins of the electron are frozen

and polarized. Physically, this means that the ring has a ferfo facilitate the calculation we introduce a canonical trans-
romagnetic spin order. Hence the spin index will be droppedormationS to diagonalizeH,, whereS is given by

in the following calculations. Part of the effective spin-orbit

cqu_pling will be_included in the geometric phase. For sim- S=E ﬂe‘q'ach(b +bh. ®)
plicity, we take into account only the electron-magnon and ql fiwg 4’ "a

electron-phonon interactions. The effect of the magnon-

phonon coupling has been neglected, which is believed only The new HamiltoniarH’ =eSHe ™S after the transforma-

to renormalize the magnon energy. tion then takes the form
This paper is organized as follows. In Sec. Il we use a
unitary transformation to diagonalize the Hamiltonian for the H' = A et T
) ; . A : = —pu— c/ic+ 2, hogbb
one-dimensional tight-binding ring with the electron-magnon §|: (o~ n mCiC zq: “a aa

and the electron-phonon interactions. Using an orthonormal
set of many spin-wave states, we derive the energy spectrum _ t t T T

of the sys%/en?, which can be used to study th(gype?sistent JZ (G 1CX X+ 01X Xia), - (6)
current. Section Il is devoted to the discussion of the influ-

ence of the electron-phonon interaction on persistent cur’/"€¢

rents. The discussion will be divided into two parts, corre-

sponding to with and without a gap in the energy spectrum, X —exp{
respectively. Summary and discussions are given in Sec. IV.

satisfiesXX;=1 and A, =22 (|M|?/fw,) represents the

IIl. TIGHT-BINDING RING WITH ELECTRON-MAGNON energy correction to the on-site energy of electrons due to the
INTERACTION electron-magnon interaction. From E@) we can see that

the hopping term has the off-diagonal matrix element con-

We now consider a one-dimensional tight-binding meso-, . ... ittarent spin-wave states, This means that the elec-
scopic ring threaded by a magnetic flux in the presence of 9 P :

electron-magnon interaction. The Hamiltonian is tron absorbs_ and emits wrtgal magnons in its hoppln_g pro-
cess. Equationt6) can be diagonally averaged by using a

vigorously orthonormal set of many spin-wave stafés, ,

Mg
% ﬁ—aj‘qe'qm(bq—biq)

N
H=2 [(e—mcle=J(el a0+l )] 1
|...ng, - .>=qu(bg)nq|o>, @)

where|0) represents the vacuum state. After averaging over
the magnon part of Hamiltonian E¢6) under the orthonor-
where b; (bg) is the creationannihilation) operator of the mal set of many spin-wave states given by Ef, the ef-
magnon with wave vectay, ¢ (c) is the creatiofannihi-  fective Hamiltonian of electron becomes

lation) operator of the electron on the slteJ represents the

hopping integrale,= ugB is the on-site energy, and is the _ o T 1o~ Wt T

chemical potentiaol. IéLunatioﬁL) can be obtained g?/ assum- Het 21 [(€omp=Amcic= e Tn(er & ¢iCiia)]

ing the validity of the linear spin-wave approximation

around the local ferromagnetic order. The first two terms of +2 fwq(Ng) ®)

Eq. (1) are the Hamiltonians of free electrons and magnons, q aan

+ 2 hwgblbg+ X, My (bg+bl)cle, (1)
q al
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where Wi,=S4[f|2((ng)+3), fq=(Mq/hiwg)(1—€'9%9), . JE,  2eJ |2m N (I)e.m.+q) —w,,

and (n,) is the average number of magnons. The factor ‘"~ “3d,.~ N | N D, g & T
exp(—W,) in Eg. (8) comes from the electron-magnon inter- 12
acthn. The effective hopping energy Jexp(-W), where At T=0 the total current is obtained by summing over all
W,, is given by

lowest-lying occupied states up to the Fermi level and is
2 5 given byl=3,_,l,(T=0). At finite temperatures, one can
Wi, 2 q| sz_ otI—( “q )] (9) calculate the persistent current with the help of the free en-

(ﬁ Q) 2kgT ergy F of the system and obtain
At T=0, W,=32sir(qal2)]|M g%/ (hwg)?~Z4Mq?
q q q qlMq _
(fhwg)?=gm. Heregy, is the effective coupling strength. In [(®,T)=~— ST . En: Inf(En), (13

denvmg Eq.(8), we have made two approximatior(4), in

which we have eliminated the magnon’s degrees of freedomwheref(E,) is the Fermi distribution function for the elec-

using an orthonormal set of many spin-wave states,(@nd tron of energyE,, andl,, is given by Eq.(12).

in which we have used the adiabatic approximation for the According to the formula given by Ref. 7 in the low-

spin/ In general, we can decouple the spin and orbital detemperature limit, the spin current is obtained by taking the

grees of freedom in the sense that the spin evolves in thderivative with respect to the geometrical phdsg

presence of an external magnetic field, which depends para-

metrically on the path of the orbital motion. The wave func- Sy 1 ﬁM (14)

tion takes the form ag¥)=|y)®|n(6)), where|n(6)) h od,

—exp(XIZ)[acos(x/2)|éz, Y+ exp(2ml/N)sin(x/2)|&,, — )]

is the wave function in the intrinsic space of the spin. T

spin-dependent part acquires a geometrical phase during the - 1o oA

evolution of the spin in a varying magnetic field. Such a V= 3sirxé, (19

geometrical phase (Berry phasg is given by

I'(27)=—Img$(n|d/dn/n)dn which has been shown to be

m(cosy—1),” where the parametey is an angle measuring M = cosye,, (16)

the deviation of the texture from the symmetric axis of the

system. We now use this effective Hamiltonian E8) to  whereV is a geometrical vector that represents the quantum-

find the eigenspectrum. The corresponding Sdimger mechanical correlation between the spin and orbital degrees

equation isHeq|4/) =E[4). Let the wave function be of freedom andV is the expectation value of the magneti-
zation. Substituting the expression of free energy into the

he with

and

1 2@ o above equations, we obtain the spin current
)= 2, c.*exp[ n+ 5!l o q P
JN &

— 3sirtx+ 2, 13f(Ep), 1
subjected to the twisted boundary condition 25X 2 of (En) a7
Ci+n=Ciexp(2mid/dy). Here @ =d, ,,+ DD, is the spin- h
dependent flux that combines the usual electromagnetic cof! €€
tribution ®.,, and the purely geometrical Berry phase 23 o P
®,=(cosy—1)/2. After solving the Schidinger equation, |rs]:—_ewmsir{_ n+ ﬂqrq)g (18)
the energy of the system is found to be AN N @

© Equationg12) and(18) show that when the electron-magnon
2’7T . B . . . .
A _w £m e.m. interaction is taken into account, the amphtude of persistent
En=comp—An—2Je mcos{ N n+ (ON g } currents(charge current, and spin current;) is decreased
(11 exponentially ~ with  increasing  coupling  strength
. gm:Eq|Mq|2/(hwq)2-
wheren=0,£1,£2,..., ®y=hc/e is the elementary flux

guantum, andb, ., is the magnetic flux threading the ring
(measured in units o). From the role® played in the
energy spectrum, the geometrical phase can be viewed as a
spin-dependent gauge potential. We see from (&d) that
the oscillation with respect to the flux in the energy spectrum Historically, the first microscopic calculation of the effect
is exponentially weakened by a facer"/m compared to the of the phonon on electrical conductivity is contained in
free case. Since the persistent current is obtained from thBloch’s pioneering work’ on the theory of metals. It is well
& dependence of the eigenspectrum, we then expect that th@own that the phonon plays an important role in the BCS
electron-magnon interaction suppresses the persistent cuheory of superconductivity. Similar to the case of supercon-
rent. ductivity, the phonon may take place in the mesoscopic sys-
The persistent current carried by electrons with energyem and affect the persistent current in the mesoscopic ring.
E,is Recently there are many studies considering the electron-

Ill. FLUCTUATION DUE TO THE LATTICE VIBRATION
AND LATTICE DISTORTION
ON PERSISTENT CURRENTS
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phonon interaction on the mesoscopic systems well as the E=(y[Heo| )
effect of the appearance of the Peierls instability on the per- P

sistent current**°The effect of the Peierls instability on the A ) — 276 Win- W 2m Dem. ®
mesoscopic system is expected because an average energy_(fo_'“_ m) —2Je oSN n+ d, +®q
gap does exis;l?nd modifies the energy spectrum of the elec-

tron drastically:” In the following subsection we will treat a 1 2 vy
one-dimensional tight-binding mesoscopic ring in the pres- +§p: hwp(Np+2+|fp| ) zp: 2Mpf5 23

ence of both electron-magnon and electron-phonon interac-
tions and discuss the suppression of the persistent currentywhere th:§p2|fp|2(Np+%)[1_(;05@5\)], w, is the fre-
quency of the phonon with the wave vectpr and N,

A. Influence of lattice vibration on the persistent current is the average number of phonons. The Debye-Waller
factor can be calculated by the formula exp,)
=(...Np,...ISLiS|....N,, ...). The parameterf}
can be determined bys€E/5f7)=0. We found that

- -1
+§I, Mpe®3(d,+dlclcy, (19) ><(Np+%)[1—cos(pa)]} . (24)

Including the electron-phonon interaction, the Hamil-
tonian Eq.(6) can be written as

2

He—p:Heﬁ+§p: ﬁwp(dgdp+%) fpzmp ﬁwp_Al_‘]e—wm—wprco{W Dem.

n+ Fo+q)g

whereH ¢ is the effective Hamiltonian for the electron given For the case of a narrow energy basdnall J) and optical

by Eq. (8). Here the corrections for both the on-site energyphononshw,=%wg, f, can be simplified td,=M /A w,.

A, and the hopping energy due to the electron-magnon inSo we have

teractionJe”Wm have been included. The new terms in Eq.

(19) are the free phonon Hamiltonian and the electron- IMDIZ hw

phonon interaction term. The coefficient, for the electron- Wiph= >, (ﬁTzCO“'< ﬁ) [1-cogpa)]. (29

. . . = ~ p 0 B

phonon interaction satisfies the relatidl _,=Mg and

d; (dp) is the creatior(annihilation) operator of the phonon The energy of the system is

with wave vectorp. For simplicity of the calculation we

have not considered 'Fhe interaction between the phonon and En=(€0— 1= LDm—Lpp)

the magnon. We will also neglect the magnon energy

S4hwg(ng) in the following calculations. .

Now we will solve the equatioil .| i) =E.p|#) by us-

ing the variational method. The variational wave function B

can be chosen & where n=0,+1,%2,... and Ap,=3,|My|?/fw,, which
represents the energy correction to the on-site energy of the
electron due to phonons. In E(R6) we have neglected the

I}S,| oo oNp, o), phonon energy. From this expression we see that the influ-
ence of the phonon is similar to that of the magnon. It gives

(20 a further suppression on the oscillation with respect to the
flux in the energy. Using the formulal(®,T)
=—c(dF/od. ), whereF is the free energy, we obtain the

2
—-2J e_Wm_thco{W

Dem,
n-+ To'f‘q)g”, (26)

27
WI n+

9= 3, et [+ 5

where® is again the total fluxb, , + ®,®, and the phonon

states are persistent current of the system
| N y=11 L(dT)Np|0> (21 (@, T)=2 1,f(Ep) (27)
o alNpy e p \/Npl p 1 = n n/»
and where the current, corresponding to thath eigenstate is
given by
a=ex{2 f.ePa(d,—d" )|, (22) _ 283 Ly w27 Dem.
o p p p |n——me W thSI —_— H+To+q)g . (28)

with variational parameter satisfyirfgp=f’r§ . Such avaria- For the spin current, we obtain expressions similar to Egs.
tional wave function is similar to that of Hntich's small  (17) and(18). This shows that in comparison to that of the
polaron theory, but here we apply it to a mesoscopic ringelectron-magnon interaction, the amplitude of persistent cur-
satisfying a twisted boundary condition ¢,y  rents(both charge current and spin curreate decreased by
=exp(2md/dy)c; . Using the relation S1poS| another exponential factdthe Debye-Waller factore™ Wen
=d,—f,e 'P'2, we obtain the average energy due to the electron-phonon interaction.
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B. Peierls instability small finite system with the circumference of the ring being

In this subsection we discuss the Peierls instability on thanuch smaller than the wavelength of the variation of the
persistent current in the mesoscopic ring. A theory of th attice distortion around the mean-field value, the discussion
Peierls instability for a finite one-dimensional ring with a ca&" be restricted to a single mode for a lattice distortion. The

discrete energy spectrum has been presented by Nathansgf{Tesponding Hamiltonian of the system is then given by

et al!* For the case of a half-filled band conducttience
N is even, the_ on_e-dlmensmnal system is un_stable_z with re- HZZNOﬁwQ+2 {6k+QIZCE+Q/2Ck+Q/2
spect to a static distortion of the lattice. The distortion opens k
a gap of magnitude 2 in the electron spectrum at the Fermi N o . +Ag(Ccl_onc
energy whered can be determined through a self-consistent k= Q2%k—Qr2*k— Q2™ QL *k—Qi2bk +QR2
mean-field equation. As shown in Ref. 14 for a finite system, +CE+Q/zCk—Q/2)}: (33
there is always a nontrivial solutiof for the caseN=4j, _
wherej is an integer. For the cagé=4j+2, however, the where [k|<Q/2, Aq=Ny/NMg is the energy gap, and
electron-phonon coupling has to be small in order to give a\|0=(dng> is the condensation phonon number. Using the
nontrivial solution. In the following discussion, instead of Bogoliubov transformation
working in real space we will work ik space. The effective

iltoni i — _ ot
Hamiltonian of the electron EQq(8) that considers the = UCr+ Q2 UkCk—i2: @k~ UkCit 02~ UkCk—qr2

electron-magnon interaction can be written as (39
Heﬁ:E {/J«BB—Am—M—ZJeW’“ Bk=UiCx+ 2t UkCx—qr2, Bl:UkCE+Ql2+ UkCE—QZZv )
K 35
e B, 2m . with u2+v2=1, we can write the Hamiltonian E33) as
X +———
cos{(k e L L by la ]ckck
H= Ek {[Ek+Q/2U§+ Ek—Q/ZUﬁ_ ZAQUkUk]aEak
:2k (€0— p+ €)Chck, (29)
+[€k+lev§+6k—Q/2U§+2AQUkUk]I3Iﬁk
whereep=ugB—A,, and
" +[ €+ Qr2UkVk— €k— UiVt AQ(Uﬁ_Uﬁ)]
— 206 Wngod [ ki = Lem 2T, X (Bt Blay)} (36)
€= — Je CO +% L +T ga. ay Pk KK S
: _ 2 2\q_
Taking into account the electron-phonon interaction, th%?zdsett'ng[fkw’zukvk kUit HolUi—vid =0, we
Hamiltonian can be written as
Hep=HertHpnt Hy, (30) H=2NoﬁwQ+§k‘, [ (K afat+E_(K BRI, 3D
where
where&.. (k)= = \/ek2+Q,2+ AQZ is the electronic spectrum in
_ t 1 consideration of the Peierls instability. We see that the cor-
= +3 . o
Hon zp: hrwp(dpdpt2) (3Y) responding energy gap modifies the energy spectrum of the
q system. The nonmonotonic dependence’apwill give the
an

correction to the persistent current in Peierls materials. By a
straightforward calculation we obtain the free energy of the

1o -
Hi= =2 MyclpCu(dp+d-p). (37 System

W 2Nhwg , 1 —

In the following we will confine ourselves to the case ofa M2 AQ~ ,Ezk {In[1+exp(BVeit Ag)]
half-filled band for the mesoscopic ring. Thus the chemical
potential coincides withe,. At low enough temperature, the +In[1+exp — Beg+ AH1}. (39
electronic system is unstable at the nesting ve@pmwhere . .
Q= =2k is the soft phonon mode for the case of a perfect! "€ €quilibrium value of the gap.q can be found by mini-
nesting. The Fermi wave vector takes the vakge= m/2a. ~ Mizing the free energy, i.eqF/5A =0, from which we ob-
The ring is now placed in a texture. Therefore, the nestind@n the gap equation
condition is given bye(k+ Q)+ e(k)=2ugB. We consider

the so-called Peierls distortion in which the corresponding Nhwq 1 sinhB e+ AG 39
displacement of the lattice depends on the magnetic field. M3 7 \/6§+Aé 1+COSF(B\/eﬁ+Aé)'

Under the static distortion of the lattice, the condensation of

a phonon mode with wave vect@= =2k would open a In the limit A5— 0, we obtain the equation that determines
gap of magnitude 2 in the electronic energy spectrum at the inverse transition temperatugg for the Peierls transi-
the Fermi energy. Following the argument in Ref. 14, for ation.
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At finite temperatures the total persistent current is giverergy. However, this additive correction is irrelevant for the

by calculation of the persistent current. Motivated by the work
of Loss etal,” we consider the quantum fluctuation that

(®,T)=—c oF _ —c(i Jex n JF 9A ) arises from emitted and absorbed magnons. The result shows

' IPem. deg IPem A P’ that the persistent current is decreased by an exponential fac-

(400 tor, which depends on the electron-magnon coupling coeffi-

Therefore we obtain the persistent current of a Peierls insylent. This can be under_stooq as follows. In the mesoscopic

. - texture, the ferromagnetic spin wave propagates coherently
lating mesoscopic ring . ' )

and makes an effective action on the motion of electrons.

2e] 27 O € Such an exponential factor decreases the probability for pre-
[(P,T)= —E N—he‘wmsin ka+ N ol 7= serving the phase coherence of electrons and in turn reduces
k ol Vet Ag the amplitude of the persistent current. In the low-
temperature limit, the effect of emitting and absorbing virtual
. 2 2 1
sinhBV e+ Ag (41) magnons does not vanish. When the temperature is high the

% 1+cosh B+ ez + Aé) ' excitations of the texture become the Stoner excitations. This
_ ) _ ) result is no longer correct.

Our result is consistent with that given by Nathanson |n symmary, we have studied a model considering the
etal,'i.e., the gap parametek, strongly affects the persis- electron-magnon and the electron-phonon interactions and
tent current. When the gap is large enough, all of the elecgiscussed the persistent current with and without Peierls in-
trons are condensed into the ground state and the curregfapility. Two results are obtained for the normal state and
vanishes. In fact, for a wide-gap insulator, the amplitude ofihe peijerls distortion statéa) In the normal state the ampli-
the persistent current is so small that it is practically undetyde of the persistent current is reduced by the Debye-Waller
tectable. In the case of a narrow-gap insulator, there is n@yctor expW,p), which describes the probability of the
true phase transition. While the Peierls distortion drasticallys|astic and the coherent scattering. Both magnons and
reduces the amplitude of the persistent current, in our casghonons have a similar behavior in suppressing the ampli-
the ring is also affected by the texture, which suppresses thgide of persistent currents. In fact, these quasiparticles are all
persistent current by magnons. The influence due to magnomsons and therefore have the same statistics. Their interac-
on the persistent current in the Peierls insulating states ifons with electrons produce a similar result when the spin of
stronger than that of in the normal states. Equatil) re-  the electron is not included explicitlyb) In the Peierls dis-
produces the expressions for the persistent currents given Ryrtion state, near half-filling, the electron-phonon interaction
Egs. (13) and (27) with W;;,=0 when the electron-phonon |eads to a soft phonon mode. As a consequence, the appear-
interaction is much weaker. Generally, at low temperaturegince of the Peierls transition can change a metal into an
the persistent current in a Peierls material is reduced by amsulator. However, in our case, there is no true phase tran-

order of magnitude compared to the other materials. sition. The order parameter is not a real quantity. Therefore,
the persistent current is not caused by the charge density

IV. SUMMARY AND DISCUSSIONS wave. On the other hand, according to the previous réSult,

So far, we have discussed the persistent current under tﬁ[re1e increase of the texture magnetic field strength will de-

influence of both electron-magnon and electron-phonon inS'€ase the transition temperature.

teractions in a one-dimensional tight-binding mesoscopic
ring. In our approach we have used the adiabatic approxima-
tion and neglected the magnon-phonon interaction since it
makes no contribution to the oscillatory part of the energy We are grateful to Professor H.Z. Li and Professor Y.C.
with respect tod (which is the sum of the electromagnetic Zhou for stimulating conversations and also to Dr. L. Hu for
flux and the geometrical Berry phasand hence persistent important remarks. S.S.W. and Z.S.M. were supported by the
currents. NNSF-China, the Foundation of Advanced Research Center

Losset al.” have discussed the role of quantum fluctuationof Zhongshan University, CCAST, and ITP-CAS. J.W. was
in the persistent current and shown that there is an additiveupported by a RGC research grant from the Hong Kong
correction to the energy spectrum due to the zero-point engovernment under Grant No. HKU 261/95P.
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