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Rotationalanomaliesof mesoscopicrings
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Theelectroniccontributionto themomentof inertiaofsingle-channelmetalringsis analyzed.In ringsthreadedby amagnetic
flux, theelectronmoment4 exhibitsaperiodicpatternwith maximaat ~ = hc/eor~Po (modulo~o) dependingon thenumber
of electrons.Forslowly rotatingrings,4 divergesin thelimit of weakdisorder.Therotationalanomaliesrelyon thesameinter-
ferencemechanismresponsibleforpersistentcurrentsandtheAharonov—Bohmeffect.

Electronsin smallmetallic ringsexhibit intriguing Here, II is the Hamiltonian in the inertial frame,
coherentphenomenasuchaspersistentcurrents[1— = hc/e is the flux quantumandj3~is the angular
10] andtheAharonov—Bohmeffect [11—17].In re- momentumoperatorconjugateto the angle9~spec-
centyears,the interestin this areahasexpandeddra- ifying the position of the electron; v=~/~+
matically following the theoretical proposal by mr2Q/fl,I is the electronspin, y is thegyromagnetic
Büttiker, Imry and Landauer [1] and major ad- ratio and ~‘~(~)is the potentialdue to impurities.
vanceson the experimentalfront, particularlyin the For P’~= 0, the eigenfunctionsof RR are &~=

field of nanofabrication[6,15]. In this Letter, the exp(in~~)/~J~with eigenenergies
rotationalbehaviorof a mesoscopicring is consid- 2

ered.The main results are that the electron com- ~,= [(n+v)2+(~/~
0)

2—v2]
ponentof themomentofinertiadependsstronglyon 2mr
magneticflux andthatit divergesin thelimit of weak ±~yll I B I . (2)
disorder.Theseanomaliesarecloselyrelatedto other
mesoscopicphenomenabasedon quantuminterfer- The lowest-lying one-particlestates for the Ahar-
ence [1—17].Our findings strictly apply to one-di- onov—Bohm configuration (B= 0, but ~P#0) are
mensionalrings at temperatureT= 0 in the absence shown in fig. 1. Impurity scatteringgenerally re-
ofinelasticscattering,butwearguethat,within some movesthe degeneraciesat ~‘= 0 and ~ (modulo 1)
range,real rings shouldexhibit anomaliesas well. which are analogousto those at ~= 0 and ~‘~o

ConsiderN electronsof massm confinedto a sin- (modulo~) forQ= 0 [1—4].Wenotethatthe spec-
gle-channelring of radiusr. The systemrotateswith trum of fig. 1 is periodicin v for stationary(v=

constantangularvelocity Q about the axis passing ~ [1—4],but not for rotating rings, i.e., a~(v)=
throughthecenteroftheringandnormaltoits plane. �,~

1(v+ 1) at Q=0.
There is a uniform magneticfield B actingon the In the following, we considerthe limit ~—‘0 and
electronsanda netmagneticflux cP throughthering. assumethat the eigenstatesextendthroughoutthe
The one-particleHamiltonianin the rotatingframe, ring (2itr is smallerthan thelocalizationlength).As

= ~A.[18], reads discussedin thecontextof persistentcurrents[1—5],

onecanapplya gaugetransformationandconcom-
= ~ (~+ j~p)2_ ~mr

2Q2 itant p-dependentboundaryconditionsto eliminate
m v from eq.(1) [19]. It is well knownthat this trans-

— ilQ( 0/0~)+ ~ (~)— yB.I. (1) formationaffects extendedbut not localized states
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edly,the contributionof localizedstatesto4 is mr2
20 I

I perstateirrespectiveof 0.
I For a sufficiently weak impurity potential, the

15 I electrons decouple from the ions (a2�~/8Q2=
I ô2e,

7/8v
2~0and,thus, I~~O)except in the imme-

-~ Ie 10 diatevicinity ofv=0and~(modulo 1) wherelevels
mix. At small coupling,thesecrossingsdeterminethe

I 5 I ~ dependenceof theeigenenergiesand,therefore,of
‘e. In particular,the changesof sign of 8~/ôv (at

0 v~0,±~, etc.) accountfor the sumrule requiring
that,for some0, Ie~~X as P~—~o.Parenthetically,we

W —~ note that the differential moment~ exhibitsasso-
ciated divergenciesat mr2Q/h=±~, ±1, etc. for

-10 0=0. Since termsof eq. (3) due to occupiedcou-
I I I I I pled states(hereafterreferredto as pairs) cancelin

—4 —3 —2 —1 0 1 2 3 ~ lowestorder,themomentofinertiais determinedby
V

thosefew unpairedelectronsat or justbelow~ Near
Fig. 1. One-particleenergylevels, ~, as afunction of v (rotating crossings,standarddegenerateperturbationtheory
frame); ~ is themagneticflux. Spin splittingsarenot included.
Themomentof inertiais determinedby thebehaviorofstatesin gives
the vicinity of v= ~ i.e, Q= 0. Coupling to impuritiesre-
movesdegeneraciesatv=0,±~,±1, ±~,etc.Forclarity,this is 4 = ~N2h2I Vf~12(1 Vf~)12+~42)—3/2 (4)
shownonly for v= 0.Dotsrepresentoccupiedelectronstates.

Here, 4=~Ø(h2N/4mr2)with ~Ø=0/0~—l or

[191. For the latter, the rotational motion leadsto 0/00 — ~ (modulo 1) dependingon whether the
a trivial negativeshift of the energiesby the amount crossingis at 0=0~or ~0o. I V~F)I (<</12N/mr2)
~mr~Q2+ fzQ(0/00). is the matrix elementof ~ associatedwith the un-

The resultsin fig. 1 provide the basisfor under- pairedstatesat ~F• Reflecting the discontinuity of
standingmechanicalanomalies.Let ER(O, Q) be the (8~~/8v)~.~

0at t~=0(fig. 1), it is clearthat Ie(0)
ground stateenergy of the non-interactingN-elec- becomesarbitrarily large with decreasingimpurity
tron system.The total angularmomentumat r= 0 scattering.ForB=0 and~Neven(odd),thenon-zero
is L= — ÔER/ÔQ [18] and,thus, theelectroniccorn- contributionsto ‘e originatefrom two opposite-spin
ponentof the momentof inertia is unpairedstatesdivergingat0~0 (~0~).If N is odd,

therelevanttermoperatingat both0 0 and~0~is
ÔL) — fo

2e~ dueto a singleelectron.Assumingthatcharacteristic

1e(0)~
~ôQ2) . (3)

0=0 ~ / ~ energiesassociatedwith 17j arelargecomparedwith
yh I B I~theseconsiderationsapplyalsotocaseswhere

Thesum is for efl~eF where F is the Fermi energy B#0.
(1eshouldbedistinguishedfromthe differentialmo- An alternativepictureof the rotationalanomalies
mentof inertia .5~= c9L/9Qapplyingto Q#0). Like is shown in fig. 2. Here, the inertial-frameground
ER at Q= 0 [1—5],themomentis aperiodicfunction stateenergyE= ER+ QL [18] is plotted asa func-
of 0 with period0I~.4 is, of course,alwayspositive tion of p. In termsofE, I~=[8E/8(~Q2)]

00. Rem-
(thesecond-ordercorrectionto thegroundstateen- iniscentof a superfluid [20], the stepsin the P~= 0
ergyis alwaysnegative)andit canbe shownto sat- datacorrespondto thresholdsfor which the rota-
isfy the sumrule tional energymatchesparticularexcitationsof the

(Q=0) groundstate.Level-mixingdue to disorder

S Ie dck=mr
2NcP

0, smoothsout the ladder. At 0=0 and ~ (modulo
0~),it also producesthe dip associatedwith the

where the integral is overa period. Not unexpect- i~—~0divergency.We notice that, as the stateslo-
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remainsto be seenwhethercurrentprocessingtech-

rication problemsposedby a rotatinggeometry.

_____________ This work was supportedby the US Army Re-
searchOffice undercontractno. DAAL-03-92-G-

niques can successfullyovercomethe obviousfab-•~4. V 0233.
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