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Persistent currents in toroidal carbon nanotubes
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The geometric structure of the toroidal carbon nanotui€N'’s) determines the electronic structure and
thus the characteristics of the persistent current. Such current is caused by the magnéttarftiegh TCN's.
The semiconducting TCN’s exhibit diamagnetism at srgalvhich is in great contrast with paramagnetism of
the metallic TCN’s. The induced magnetic moment is proportional to the toroid radius, but independent of the
toroid width. The magnetic response is weak, while it is much stronger than that of a mesoscopic semicon-
ductor or metal ring. The persistent current is a linearly periodical functiah wfith a period¢y(hc/e). Such
an oscillation is the manifestation of the Aharonov-BobhB) effect. TemperatureT) does not destroy the
periodical AB oscillation, although it would significantly reduce the persistent currents. The Zeeman splitting
may lead to the destruction of the periodicity at very latfjeA larger TCN at lowerT and ¢ is relatively
suitable for verifying the AB effec.S0163-182@08)01412-X]

I. INTRODUCTION Hence the geometric structures of the first and the second
kinds of carbon toroids are quite different than those studied
Carbon nanotubes have attracted a lot of attention since this work.

their discovery in 1991 by lijima. Each straight carbon  The tight-binding modéf has been used to study the
nanotube(SCN) could be regarded as a rolled-up graphiteelectronic structure of a SCK It is similar to that employed
sheet in cylindrical form. Its radiusr) is only between 10 for a graphite sheet, but with the periodical boundary condi-
and 150 A, while its length is more than Am. Carbon tion along the transverse direction. The electronic states of a
nanotubes could bend within the crystalline répapreover,  TCN are further obtained, when the periodical boundary con-
the two ends are found to be able to be knit togethegition along the axial direction is also applied. A TCN owns
seamlessly. Carbon atoms could form a toroidal carbon many discrete states, mainly owing to the transverse and lon-
nanotube (TCN) or a carbon toroif} with an average radius giydinal boundary conditions. It may be a metal or a semi-
R~ 1500_2500_A- The toroid radius is much larger than the.onqyctor, which is closely related to the geometric struc-
height or the width(~10 A). A very thin TCN is basically ture. A semiconducting TCN has an energy gaB,)(
similar to a mesoscopic metaf or semiconductdr ring. between the highest occupied statstOS) and the Iowgest

TCN S, as with MESOSCopIC 1ings, would be the |dgal SyStemunoccupied stated.US). But for a metallic TCN, both HOS
for verifying certain quantum effects, e.g., the persistent cur- ).1516

rents(1’s).*~" Such currents are purely due to magnetic ﬂuxand LUS are just located at the Fermi levél:=0

(¢) through TCN's. The electronic structure of the TCN's The characteristics of the electronic structures will be di-

and the characteristics of the persistent currents are studiégclly reflected in the persistent current. A TCN would dras-
in this work. The dependence of the persistent current on thially change from a metalsemiconductdrto a semicon-
magnetic flux, the electronic structure, the toroid radigy,( ductor (meta) during the variation of$. As a result of the
the temperatureT), and the Zeeman splitting is investi- largeR, the Zeeman effect is generally_ negligible except gt
gated. A comparison between TCN's and SCN’s Refs. 8—1(€rY large¢. The ¢-dependent electronic states are periodi-
will be made. cal in ¢, with a period¢g=hcle, as are the persistent cur-
The toroidal forms of graphitic carbons could be con-rents. This is the so-called Aharonov-Boh#B) effect. In
structed from nanotubes k§) connecting small sliced parts general, such an effect is present in torotdal and
of the nanotube}t (2) connecting two sections of identical cylindricaft systems.
turnover bilayer nanotube ends at the equator of the resulting Haddort” had studied the magnetic properties of thgC
toroid 1? and(3) bending a long nanotube and connecting itstoroid!* It is predicted to exhibit diamagnetism. The magne-
ends togethefthis work). Dunlap first proposed the carbon tism of the thin TCN’s will be investigated. There are certain
toroids Gy and Gy by connecting the sliced parts of theoretical predictions concerning the magnetic response of
nanotubes?! Later the second kind of carbon toroids were SCN’s®~1° The induced magnetic moment is independent of
proposed by ltotet al1? These two kinds of carbon toroids radius. Metallic and semiconducting SCN’s¢#0, respec-
have certain pentagons and heptagons instead of hexagomisgely, exhibit the paramagnetic and diamagnetic behavior at
while the third kind of carbon toroid is purely made from the small ¢. The magnetic response is predicted to be observable
distorted hexagonal lattices. The former have the rRfio  at T<<100 K. Moreover, the Zeeman splitting could cause
<10, which is much smaller than that100) of the latter.  the special cusp structures and destroy the periodicity of the
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define a TCNE® Here we mainly focus on the TCN's, which
have armchair structure along the transverse direction and
zigzag structure along the longitudinal direction, and vice
versa. They are called armchaim{m,-p,p) and zigzag
(m,0,-p,2p) TCN's, respectively. Other TCN’s derived from
the chiral nanotubes are expected to exhibit similar elec-
tronic properties.

The m-electronic structure of a TCN, as done in a graphite
sheet'® is calculated by the tight-binding model. A TCN
here is in the presence of a uniform perpendicBafield.

The gaugeA =BXR/2 (parallel toRy) is chosen such that the
wave vectork=—iV +(e/ch)A. R is the vector from the
center to the surface of the toroid. The TCN is very thin;
hence, the vector potential at the toroid surface is approxi-
mated as a constag/27R. For an armchaifzigzag TCN,

FIG. 1. A toroidal carbon nanotube could be regarded as a finité/ave vectors obtained from the transverse and the longitudi-
graphite sheet rolled from the origin to the vectés=ma,;+na,  Nnal periodical boundary conditions akg=2mJ/3bm and
andR,=pa, +qa, simultaneouslya, anda, are the primitive vec-  Ky=2m(L+ ¢/ )/ \/3bp [k,=27J/\[3bm and k,=2m(L
tors of the graphite sheet. + ¢l po)I3bpl. b=1.42A is the C-C bond lengthJ

=1,2,...mandL=1,2,... p are the angular momenta,
and they could serve as the state index. The electronic state
AB oscillation1® We will study whether TCN’s exhibit simi- energies of the armchair TCN are given by
lar properties.

Three successful experimental investigations demonstrate

that persistent currents exist in mesoscopic metaand
[1t4cos<

semiconductdrrings. The magnetic moment induced by the E(J,L, &) armehai= = Yo
persistent current is- 107 2°-10 2?2 A m?, and its magnitude
rapidly decreases in the increasingTaf The magnetic mo- (W“_Jr ¢/¢0))]1/2

77.]) {W(L-H;S/QSO))
p

ment in a mesoscopic ring is found to be much smaller than +4 cog

that in a thin TCN. Hence the persistent currents in TCN’s

are observable in the low-temperature magnetic measure-

ments. and those of the zigzag TCN are given by

This paper is organized as follows. In Sec. Il, the

electronic structure of a thin TCN threaded by a uniform

perpendicular magnetic field| is calculated from the tight- (1+4 5(77‘]) S{”(L+¢/¢>o))
+4co§— _—

: (1a

binding model. The persistent currents are evaluated in SeC'E(JaLa¢)zigzag: * v

Ill. The main features are discussed, and certain effects are p
investigated. Concluding remarks are made in Sec. IV. I\ L2
+4 co§(ﬁ) ] . (1b)

Il ELECTRONIC STATES IN A B FIELD The quantityy,=3.033 eV is the resonance integral for the

We first see the geometric structure of a SCN. It is formedhearest-neighbor interactidf The states, with energies less
by rolling a graphite sheet from the origin to the vecRy  (large) thanEr=0, are occupiedunoccupied states, if the
=ma, + na,, wherea, anda, are the primitive lattice vec- Zeeman splitting is absent. The(+) sign appearing outside
tors of the graphite she¢Fig. 1). A SCN is equivalent to a the square-root sign corresponds to the occugigtbccu-
graphite sheet which satisfies the periodical boundary condpied states. On the other hand, the plus and minus signs
tion along the transverse direction. The parameters are  inside the square-root sign are the unfolded and folded states,
used to characterize a SCN. There are two kinds of achiraespectively:* That the+ signs are substituted by andL
SCN’s. One is therfi,m) armchair nanotub® and the other =1,2,...,2 (or J=1,2,...,2n) is another equivalent
is the (m,0) zigzag nanotube. They, respectively, have zigchoice. TheJ states, which are closest to the Fermi level
zag and armchair structures along the longitudinal directiodEg= 0, would dominate the low-frequency physical proper-
(parallel to Ry=pa;+qay). The armchair nanotubes are ties. For example, for an armchair TCN, the energy gap and
found to be the principal constituents of the crystalline rope. the persistent current are principally determined by dhe
Furthermore, they might be the precursors of the TCN’s. =m states.

A carbon nanotube could bend so that the two ends are The electronic state energy should include the $pim-
able to knit together. A TCN corresponds to a finite graphiteteraction, E(o,¢)=go¢/m*R%¢,, ie., E(J,L,0,¢)
sheet which is rolled from the origin to the vect&gandR, =E(J,L,¢)+E(0,¢). Theg factor is taken to be the same
simultaneously. That is to say, a TCN satisfies the periodicais that(=2) of the pure graphite or GIC®. o=+1/2 is the
boundary conditions along the transverse and longitudinatlectron spin, andn* is the bare electron mass. In general,
directions. The parametersn(n,p,q), therefore, uniquely the Zeeman spitting could be neglected except at very large
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FIG. 2. The magnetic-flux-dependent energy gaps in the absence FIG. 3. The persistent currents in the absence of the Zeeman
of the Zeeman splitting. The solid and dashed curves, respectivehéplitting are shown aT=0. The solid and dashed curves are those
are those of the(10,10-5001,5001 (type ) and (10,10,  of the (10,10-5001,5001 and (10,10-5002,5002 TCN's sepa-
—5002,5002 (type 1) TCN's. rately. That of the(18,0-2887,5774 TCN (the open circlesis

also shown for the comparison.

, since it is inversely proportional t&®2. For example,
y prop p

E(o,¢)~2 neV for the (10,10-5001,5001 TCN at ¢ 3byy ¢ 0 /2
— <¢=<
=do. ' S R o ! o=z,
The electronic structures @t=0 are first discussed. There Eg(o)= 3b _ (2)
are three types of electronic structures, which rely on the Yo o~ & if Pol2< =y,
geometric structures. A type | TCN, which bathandp are R ¢o

the multiple of 3(3i; i is an integey, is a metalt>~® The . . . .
: E, is inversely proportional to the toroid radius; furthermore,
= g
HOS and LUS meet with each other Bg=0, e.g., the(J it is symmetric abouth= /2. A type Il TCN exhibits a

=10, L=23334 states of thg10,10,-5001,5001 TCN (the o - 7
solid curve in Fig. 2 Moreover, density of stated®OS) is 2::2':3; 32;":2t53éne§;’ the10,10:-5002,5002 TCN. lts

divergent insfunction form there. For a type Il TCNn is
equal to 3, but the opposite is true fqy. It is a narrow-gap

semiconductor with Eg~1meV, e.g., the (10,10, by, |1 &

—5002,5002 TCN (the dashed curve in Fig.)2A type Il 0lz_ 2~ if 0<p=<dyl2,

TCN defined bym#3i has a large energy gap, e., E.(d)= R [3 ¢ 3
~1.5eV for the(11,0-5001,5001 TCN. Such a type of 9 3byy |2 o ,

TCN is very insensitive to magnetic flux, so that the persis- R |3~ (?0 it dol2< = ¢by.

tent currents are almost vanishing. Type | and Il TCN'’s are

the main object of study. But on the other hand, there are two main differences be-

The low energy electronic structure of en,p,q) TCN  tween type | and Il TCN’'s. One is that a type | TCN is a
could be understood from that of an(n) SCN. A TCN  metal at¢,=i ¢y, but a type Il TCN aip,=(i +3) . The
samples ther-electron states of a SCN, which satisfies themetal-semiconductor transition happens¢gt. The persis-
longitudinal boundary condition. When a SCN is tent current would exhibit a special jump structure thtig.
metallic}*~*®the edge state of the linear subbands is locate®). As a result of this difference, type | and type Il TCN's
at the Fermi level. If a TCN coulécould no} sample such a  might exhibit very different persistent currents, e.g., opposite
state, it is a metala narrow-gap semiconducjoBut when a  magnetism at smaib. Another is that the maximum &, is,
SCN is semiconducting, a TCN must be a wide-gap semirespectively, located ap= ¢,/2 and ¢=0 for type | and II
conductor. Metallic or semiconducting TCN’s are mainly de-TCN'’s.
termined the geometric structures.

The electronic states vary vyith magn_eti(_: flux. T_H:e_ Ill. PERSISTENT CURRENTS
dependent states would exhibit the periodical oscillation,
with a period¢g, in the absence of the spBiinteraction. A The electronic state energies in Eq$a) and (1b) are

type | TCN would change from a metal into a semiconductorused to study the characteristics of persistent currents. They
as¢ increases from zero, e.g., tft,10,-5001,5001L TCN.  vary with the magnetic flux through a TCN. The persistent
The ¢-dependent energy gap calculated from @g) or (1b) current is the variation of free energy with the magnetic flux.
is The canonical ensembléere, the same with the grand ca-
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nonical ensembles taken in evaluating the free energy. The -1

distribution probability of each electronic state is described  F(¢,T)= > In{1+exd—-BE,L,0,¢)]}. (5

by the Fermi-Dirac function il B
1 The persistent current &t is calculated from the defini-
flE(J,L,0,¢)]= , tion
(B0 S BEG Lo ) w(T )] 71
@ IF($.T)
whereB=(kgT) 1. The chemical potentigk(T, ¢) is equal (¢, T)=—c 90

to zero afT=0. It remains so for any and ¢. The symmet-

ric structure of occupied and unoccupied states could explain _ JE(J,L,¢)

why w(T,¢)=0. The chemical potential is independenflof - _C(,%L flEQ.L,0.¢)] Yy . (63
and ¢; therefore, a TCN only exchanges energy with a res-

ervoir, i.e., the particle number is fixed during the variation

of ¢. The free energy at is given by where

(7E(Jv|-!¢)armchair_ +2myesin w(L+ Q')/Q')o)/p]{i cog 7J/m)+2 cog (L + ¢/¢0)/p]}

d¢ " pdo1E4 cogmdim)cos m(L+ bl o)/ p]+ 4 cod[ (L + bl do)lp] (6b)
and
aE(J,L,¢>)Zigzag: F2myesin w(L+ ¢/ pg)/p]=cog wI/m)] 60
dp PboV1=4 cog wd/m)cog m(L+ ¢/ o)/ p]+4 cof(mdim)

The persistent current in E¢6a) comes from the electronic 2¢

orbital motion. The currentgo/m* R?¢, due to the spin |(¢)=|o( Op—p,~ ¢—) for 0<¢<dy, (7)
magnetic moment is not included in E(a), since it is 0

negligible. The effect of the Zeeman splitting, which is ob-

vious only at largeg (Fig. 6), is reflected in the Fermi dis- wherel,=4\3my,/pd, is the amplitude of the AB oscil-
tribution. The spinB interaction will be neglected in the fol- lation, e.g.,1,~5.38x10 7 A for the (10,10-5001,5001
lowing calculations except in a special case. The expressioNnCN. There is a special jump structure @f, where the
of I(¢,T) is complicated as seen from E@b) or (6¢). The  metal-semiconductor transition occurs. Also notice that Eq.
termdE(J,L, ¢)/ d¢ consists of both the angular momerdta (7) keeps a similar form for the type Il TCN. On the other
andL. Consequently, the simply linear relation, as found inhand, the contributions due to the stateb=fn,p/3<L

a mesoscopic ringj,between current carried by each state<2p/3) and J#m,L) are almost vanishing. The currents,
and angular momenturnL] is absent. which are carried by the unfolded and folded states Dbf (

The ¢-dependent persistent currentTat0 is first stud- =m,p/3<L<2p/3), have the same magnitude but the op-
ied. It is caused by the electronic states wi{J,L, ) posite direction. The net current due to them thus vanishes.
<Eg. The armchair TCN’s are taken as the model system€oncerning thel#m states, they are far from the Fermi
to see the basic featured.(4,T=0) in the (10,10, level, so that their energies are insensitive to the variation of
—5001,5001] (type ) TCN is shown in Fig. 3 by the solid ¢. Furthermore, the cancellations between thand p—L
curve. The persistent current is periodic with peripgl and  states remain significant at agy The net current carried by
it is antisymmetric aboutpy/2. That is to sayl(¢, T=0) the J#m states is negligible, which illustrates that the per-
=1(d+ ¢y, T=0)=—1(dy— &, T=0). Both periodicity sistent current depends on the states relatively close to the
and antisymmetry are easily identified from Efb). Fermi level?

The magnitude of (~10 7 A) is small, i.e., the mag- The persistent current in the type Il TCN exhibits similar
netic response of a TCN is weak. By the detailed analysischaracteristics; the periodicity, the antisymmetry, the weak
the main contributions to the persistent current are found teesponse, the lineay dependence, and the special jump
come from the statesJEm,L<p/3) and J=m,L=2p/3)  structures, e.g.l(¢) of the (10,10,-5002,5002 TCN (the
(details in the Appendix Moreover, the currents carried by dashed curve in Fig.)3 However, there are two important
the two stated and p—L would significantly cancel each differences between type | and Il TCN's. First, the direction
other[the first terms in Eqs(A4) and(A5)]. Such cancella- of current might be opposite. At sma#l (>0), the current of
tions lead to the small net current, as seen in Fig. 3. $he the type | TCN is positive, while that of the type Il TCN is
dependence of the persistent current, which is demonstratewegative. That is to say, the former and the latter is paramag-
to be linear[the second terms in Eq$A4) and (A5)], is  netic and diamagnetic, respectively. In general, the net cur-
described by rent due to the{=m,L) and J=m,p—L) states is negative



57 PERSISTENT CURRENTS IN TOROIDAL CARBON NANOTUBES 6735

6 6
i (10,10,-5001,5001)
E I N PR 10,10,-4500,4500 T=0 K
E —— (10,10,-5001,5001 =
N N 10,10,-5502,5002 T=0.5 K
E 10,10,-6000,6000 T=1 K
3 N, 00000 (20,20,-5001,5001 o T=2 K
E X T=5 K
27 T=10 K
-~ 1
< ]
™~ 1
5 3
- ]
— 2]
WE
B -
0.0 0.5 1.0 0.0 0.5 1.0

¢/ %o ¢/ %o

FIG. 4. Same plot as Fig. 3, but shown for TCN’s with various  FIG. 5. Same plot as Fig. 3, but shown at various temperatures.
radii. The persistent current of th20,20,-5001,500]1 TCN (the
open circleg is also shown to see the dependence on the toroidp—

width 1, but notm™*. The induced magnetic momenR?| ()

is further identified to be proportional to the toroid radius.
The larger the TCN is, the stronger the magnetic response. A
at any ¢ [the second terms in Eq6A4) and (A5)]. But for  larger TCN is suggested to be more suitable in the experi-
the (J=m, L=2p/3) state of the type | TCN, it could make mental verification of the AB effect. The magnitude of the
a large and positive contributiond) to the net currentAp-  magnetic moment is~5x102° Am? for a TCN with R
pendi¥. The main reason is that the current carried by the~2000 A. It is much larger than that(10"?° Am? in a
(J=m, L=p/3) state vanishes ag increases from zero. mesoscopic rind-’ Hence the characteristics of the persis-
Consequently, the paramagnetism of the type | TCN ident currents in TCN’s could be verified from the magnetic
purely caused by théJ=m, L=2p/3) state closest to the measurements.
Fermi level. In addition, the opposite case would happen at When temperature increases from zero, electrons would
¢<0. Second, the special jump structures occur at differenbccupy the states above the Fermi ley&(J,L,#)>0].
¢,'s, and the height of the jumps is different. They are,Such states produce the persistent current, which the direc-
respectively, situated aw, and (+ 1) ¢, for type | and Il tion of current is opposite to that of the states below the
TCN’s [Eq. (7)]. These jumps are related to the metal-Fermi level[Eq. (6b)]. The cancellations between the states
semiconductor transitions or vice versa. Their cause is simibelow and above the Fermi level obviously increase wWith
lar to that of the paramagnetism of the type | TCN. Whgen Therefore, the oscillational amplitude of thg#dependent
increases from the left-hand neighborhood to the right-hangersistent current declines rapidly in the increasing ¢Fig.
neighborhood of,, the two statesl,=p/3— ¢,/dy and  5). The jump structures would be replaced by the peak struc-
Ly=2p/3— ¢,/ ¢o, would induce a jump of B (Io) inthe tures owing to the thermal broadening. But on the other
type | TCN (the type Il TCN separately For example, for hand, temperature does not destroy the periodicity of the AB
the (10,10;,-5002,5002 TCN, the jumps ofl, at ¢o/3 and  oscillation, since it does not affect the electronic structure in
2¢/3 result from thel = 1667 andL=3334 states, respec- Eq. (1a). The persistent current would become too small to
tively. be observable at higher temperatures, €lgz10 K. The
The above-mentioned characteristics of the persistent cufow-temperature magnetic measurements are needed for the
rents are obtained for the armchair TCN’s. Similar resultsverification of the AB effect in TCN’s.
could also be found in the zigzag TCN'’s. For example, the The spinB interactionE(o,¢) needs to be taken into
zigzag TCN defined by18,0—2887,5774 (the open circles account at largep, e.g.,$~100¢, (or B~3 T). The persis-
in Fig. 3 and the armchair TCN defined by10,10, tent currents including the Zeeman splitting are shown in
—5001,500]1 have the same persistent current. That theyFig. 6 at 10@y=< ¢=<102¢, and T=0. Compared with that
both belong to the type | TCN, and they have the same radiui Fig. 3, the periodical oscillation is apparently destroyed by
(see below could explain this result. In short, the geometric the inclusion of the spiB interaction. As a result of
structure affects the electronic structure and thus the persi&(o, ¢), the energy of the spin-down state becomes lower,
tent currents. while that of the spin-up state becomes higher. The Zeeman
We further see the effects due to the geometric structursplitting could make certain states cross the Fermi level at
(such as radius and widththe temperature, and the Zeemanmagnetic flux smaller ¢, ) and larger (. ) than ¢,.
splitting. The persistent currents are shown in Fig. 4 for vari-The metal-semiconductor or semiconductor-metal transitions
ous TCN's. They are inversely proportional to the toroidwould occur more frequently, which thus induces more jump
radius, but independent of the toroid width. These resultstructures in the persistent current and destruction of the pe-
could be understood from E¢7), in which1(¢) depends on riodicity.
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¢. Carbon nanotubes, which are metals¢atO, are para-
1010220012004 magnetic, and the others are diamagnetic. On the other hand,
the dependence on the nanotube radius, the temperature, and
the Zeeman splitting might be different. The induced mag-
netic moment in TCN’'s is proportional to radius, while that

in SCN's is insensitive to radius° The former is expected

=< to be observable af<10 K. Such a temperature is much
=~ PN\ lower than that T<100 K) for the lattet® The Zeeman ef-

ot SNERERN fect only causes the more jump structures in TCN’s; how-
~ 1 0 N ever, it causes the special cusps in SCN’s. That DOS of
- ‘25 TCN's and SCN's, respectively, diverges dfunction and

1/\/E forms leads to the difference in special structdfes.

IV. CONCLUDING REMARKS

—-6t+——————1— T
100.0 100.5 101.0 101.5 102.0 In this work, we have studied the electronic structure of
¢/¢o the TCN'’s, and investigated the persistent currents in them.
The comparison with SCN’s and mesoscopic rings is also
FIG. 6. Same plot as Fig. 3, but the Zeeman splitting is takenmade.
into account. The geometric structure determines the electronic struc-
ture and thus the characteristics of the persistent currents.
A single jump at¢, is replaced by a pair of jumps at The electronic structure calculated from the tight-binding
¢c =, Which is related to the state crossing of the Fermimodel could be divided into three kinds of type according to
level. The crossing positiongh. = satisfy the condition the geometric structure. A4=0, the type I, Il, and Ill TCN’s
E(m,L,¢c =) =E(0,éc ). An approximates. - could be  are a metal, a narrow-gap semiconductor wij~1 meV,
obtained from expanding(m,L,¢) in the neighborhood of and a wide-gap semiconductor wikh,~1 eV, respectively.
¢a, WhereL is equal toL,=p/3—¢a/py or Ly=2p/3  When TCN’s are threaded by a uniform perpendicugar

—¢al po. Pc = is approximately given by field, the persistent currents only exist in the type | and II
_ 2go TCN'’s. Such TCN’s would drastically change from metals
e, =~ 1+W Pa- (8 (semiconductopsinto semiconductorgmetals during the

variation of ¢.

The magnetic-flux region, in which a pair of jumps exist, is  The main features of the-dependent persistent current
~0.12¢4 for ¢,=101¢. The persistent current exhibits the include the periodical oscillation with a periabh, the anti-
special jumps at -, since certain states become occupiedsymmetric structure about i € 1/2)¢,, the linear ¢-

or unoccupied in the increasing ¢gf Here we examine the dependence, the special jump structures, and the weak mag-
jumps at¢. , and the similar result is obtained for the netic response. The periodical persistent current is the
jumps at ¢ . The unfolded(folded spin-up state for manifestation of the Aharonov-BohifAB) effect. Type |
E(m,L,,¢)<O[E(m,L,,$)<<0] changes into an unoccu- TCN'’s exhibit the paramagnetism at smal which con-
pied state, but the unfoldeffolded spin-down state for trasts greatly with the diamagnetism of type Il TCN’s. The
E(m,L,,¢)>0[E(m,L,,¢)>0] changes into an occupied magnetic moment due to the persistent current is small,
state. The former and the latter, respectively, carry currenivhile it is much larger than that of a mesoscopic semicon-
—1o/4 andl o/4 [Egs.(A4) and(A5)], so they cause a jump of ductor or metal ring. The magnetic measurent&ritsould

Io/2 at the crossing position. For the typétype Il TCN’s,  be used to verify the above mentioned characteristics.
theL, andL, states would contribute to the jump of current The dependence of the persistent current on the toroid
at the samddiffereny position, as stated earlier. Hence the radius, the temperature, and the Zeeman splitting might be
height of jumps, as seen in Fig. 6, lig and1,/2 for type |  strong. The induced magnetic moment is found to be propor-
and Il TCN’s separately. On the contrary, the persistent curtional to the toroid radius, but not the toroid width. On the
rent is independent of the Zeeman splitting, if the magnetiother hand, the magnetic response of a SCN hardly depends
flux is located outside the region confined Igy — and on the radiu$-1° The persistent current could exist &t

¢¢ + . In summary, the persistent current linearly decreases<5 K. It would quickly decrease with an increase Bf

with magnetic flux, together with the special jumps. At largehowever, temperature does not destroy the periodical AB

¢, it could be expressed by oscillation. The Zeeman effect, which may lead to the de-
2(p—idp) struction of the periodicity and more jump structures, is ob-
1(p)=10)COp—pp, .=~ vious only at very largep. In short, a larger TCN at lower
' %o and ¢ is relatively suitable in verifying the AB effect.

: ; If TCN’s are further connected by leads, they might dis-
for igo=¢=(i+1)do, (9 play the quantized ballistic transport propertiéghe elec-
whereC is 1 and3 for type | and Il TCN's respectively. tronic structure will be directly reflected in the transport be-
Finally, the magnetic response in TCN'’s is compared withhavior. The further theoretical and experimental studies on
that in SCN’s. They exhibit the similar magnetism at smalltransport properties are very important.
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APPENDIX
The ¢-dependent persistent currentTat 0 is calculated here. The persistent current in the armchair TCN is given by

2 ysin (L + @l do)/pl{+1+2 cog m(L+ ¢/ o)/ pl}

(Pamnar—C_ 2 | Pl L2 co m(LT 6l do)/p]] (A
|
The current is due to thg elgctronic states=g=m,L, ¢) lo (7L T g
<0. The small¢) expansion is used to evaluaté®) at 0O —{sinl—|+——cos —| . (A5)
<¢p<dyo, i.€., V3 P/ Poo p
L+ bl o) (wl\ 7w gy But for the p/3<L+ ¢/ ¢o<2p/3 states, the unfolded and
sil ——— | =sinl— |+ ——co§ — |, (A2) the folded states carry currents similar to E@5) and(A4),
P P Péo P respectively. The net current from these two states thus van-
ishes.
cos( 7T(|‘+—¢M’°)) :cos( W_L) " ki sin 77_") The first terms in Eqs(A4) and (A5) would cancel each
p p P oo p other for the two statet and p—L except for the states

(A3) Lot ¢alpo=p/3 and (or) L+ ¢,/ do=2p/3. The signifi-
This approximate expansion is reasonable because @#ant cancellation is the principal cause of the weak magnetic
TPl ppo<<l. response. On the other hand, thg and (or) L, states, as
According to the denominator in E¢AL), the various. ~ seen in Fig. 3, would induce a special jump ¢§2I,) at ¢,
states are divided into <L+ ¢/po<p/3, 2p/3<L  for type I (type 1) TCN's. Concerning the second terms in
+ ¢l g, and p/3<L+ ¢/ po<2p/3. For the KL+ ¢/¢p, EOs. (A4) and (A5), the net current due to them is

< pl3 states, the current of the unfolded sfatein Eq.(A1)]  —2lo#/ ¢ after the summation ofl’s. Hence the ¢-
is the same with that of the folded state in Eq.(A1)], and dependent persistent current declines at a fa2¢,/ ¢, ex-
is given by cept atg's, where the metal-semiconductor transitions occur.
This feature remains unchanged even in the presence of the
—lo | . [mL T L Zeeman splitting. In short,(¢) [Eq. (7)] is a linear disper-
N [S'”( T) * o COS{ T) ] (A4)  sjon relation, together with special jumps. While the Zeeman

splitting is taken into account, the persistent current in the
The two spin states have been included in &gt). Similar ~ magnetic-flux region confined by ~ would change. The
results are obtained for thepBB<L + ¢/ ¢, states. The cur- results in Eqs(A4) and(A5) could also be applied to under-

rent carried by the unfolded or folded state is stand the main change.
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