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MAGNETIC SUSCEPTIBILITIESIN MESOSCOPIC CYLINDERS�M. Lisowski and E. ZipperInstitute of Physis, University of SilesiaUniwersyteka 4, 40-007 Katowie, Poland(Reeived Otober 20, 2000)We alulate and disuss orbital magneti suseptibilities in mesosopiylinders made of a normal metal or a semiondutor for di�erent shapesof the Fermi surfaes and for di�erent irumferenes of the ylinders.PACS numbers: 72.10.�d, 72.90.+yIt is well known that paramagneti or diamagneti persistent urrents,run by oherent eletrons, an be indued in mesosopi systems by a statimagneti �eld [1℄. Persistent urrents in mesosopi systems have been thesubjet of many investigations [1�3℄. For reent reviews on persistent ur-rents in normal metals see Ref. [4℄.In this paper we present some model alulations of orbital magneti sus-eptibilities in thinwalled mesosopi ylinders made of a normal metal ora semiondutor. We assume that eletrons interat via the magnetostati(urrent�urrent) interation taken here in the self-onsistent mean �eld ap-proximation. As a result the urrent is alulated in a self-onsistent wayand one obtains spontaneous urrent solutions at low temperatures [3℄. Boththe urrent and the suseptibility are enhaned by the presene of the inter-ations. The magnitude of persistent urrent and hene of the suseptibilitydepends also strongly on the oherene of urrents from di�erent hannels,i.e. on the shape of the Fermi Surfae (FS). We show below that strongmagneti response an be obtained for systems with the FS exhibiting somedeparture from the spherial shape.It is well known [5℄ that mesosopi systems an exhibit strong orbitalmagnetism for temperature T � �0=2�2kB � T 0 (�0 = hvF=Lx is the� Presented at the XXIV International Shool of Theoretial Physis �TransportPhenomena from Quantum to Classial Regimes�, Ustro«, Poland, September 25�Otober 1, 2000. (451)



452 M. Lisowski, E. Zipper�inverse time of �ight� or in other words, the quantum size energy gap foran eletron going around the irumferene of the ylinder, Lx is the irum-ferene of the ylinder). The orbital magneti suseptibility of the eletrongas an be then muh larger than the Landau value and an have eithersign [5℄.In this paper we neglet spin beause the orbital quantum numbers loseto the Fermi energy are large, and the inlusion of spin does not hange qual-itatively the onsidered phenomena. Systems with spin have been analysedin Ref. [6℄.In the system of ylindrial geometry with the magneti �eld appliedalong the ylinder axis, the total �ux � whih drives the urrent I is thesum of the external �ux �e and the �ux �I oming from the urrent itself� = �e + �I ; �I = LI ; (1)where L is the indutane oe�ient, for a long ylinder L = �0�R2=Lz, Ris the radius of the ylinder.In normal metal ylinders of mesosopi size oherent and normal ele-trons oexist. The persistent urrent response is given by oherent eletronsand it is redued by the presene of disorder and �utuations of di�erentkinds. In our reent papers [3, 7℄ we derived the formula for persistent ur-rents as a funtion of temperature and magneti �ux in the presene of�utuations of the total momentum and disorder,I(�; ; T ) = M (1�1=u)r MzXm=1 1Xq=1 4I0(m)���Lx2 + 2�2kBT�0 � exp h�q �Lx + 2�2kBT�0(1��)�i1� exp h�q �Lx + 4�2kBT�0(1��)�i� os(qkFx(m)Lx) sin�2�q ��0� ; (2)where 1= is a disorder parameter, related to the mean free path le by theformula [7℄, le �= a(1=)�4=3 �3:5a ln�Lxa ���4=3 ; (3)� (0 � � � 1) is the relative �utuation parameter, � is proportional tothe number of normal (non-oherent) eletrons in the system; I0(m) =e~kFx(m)=(meLx); Mz is the number of hannels in the kz diretion, Mris the number of hannels in the y diretion, a is the lattie onstant.



Magneti Suseptibilities in Mesosopi Cylinders 453Persistent urrents given by Eq. (2) an be paramagneti or diamagneti.In this paper we disuss only the paramagneti urrent solutions.In order to disuss the in�uene of �I on the oherent properties ofmesosopi ylinders we alulate the energy gap at the FS for eletronsgoing around the irumferene of the ylinder (and for � < �0=2):�F � E�F+1;m �E�F;m = �0�1� 2�e�0 + 2L jIj�0 � ; (4)where E�;m = ~2[(�m � �=�0)2 + k2z(m)R2)℄=(2meR2). �F ontains a term�d � �0L jIj�0 ; (5)�d is the dynami part of the energy gap. �d strongly depends on therelative �utuation �, what is presented in Fig. 1.
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T [K]Fig. 1. The dynami energy gap �d as a funtion of temperature T for di�erentvalues of the relative �utuation �.Thus on the top of the quantum size energy gap there appears in thesystem the dynami gap whih omes from the magnetostati interationand whih inreases the oherene in the sample.The total urrent depends on the orrelation of urrents from di�erenthannels whih is related to the shape of the FS. In the follwing we studythe magneti response of the normal metal for di�erent shapes of the FS.To simulate di�erent shapes of the 2D FS [3, 8℄ we used the relationkuF = jkFx ju + kuFz ; (6)



454 M. Lisowski, E. Zipperwhere u is a real number,kFx(m) = kF �1��kFz(m)kF �u�(1=u) ; kFz(m) = m�Lz ;m is a positive integer.For u = 2 we get the semiirular FS, for u � 12 we get the nearlyretangular FS, and for 2 < u < 12 we get the FS intermediate betweensemiirular and retangular, see Fig. 2. For u = 2 the urrents from di�erenthannels add almost without orrelation and the total urrent is the smallest.The orrelation and the magnitude of the urrent inreases with inreasingu, i.e. with inreasing urvature of the FS.
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kxFig. 2. Shapes of the Fermi surfaes for di�erent values of parameter u.M (1�1=u)r is introdued here to simulate the shape of the FS in the kydiretion. In order to alulate the urrent I in real 3D systems exatly(i.e., where kFx depends as on kFz as on kFy), very fast omputers would beneessary.Eqs. (1) and (2) form the two self-onsistent equations for the urrent.Using them we an alulate the suseptibility �(T ):� = �M�He ; (7)where the magnetization M is given by the formulaM = ILz ; (8)



Magneti Suseptibilities in Mesosopi Cylinders 455He = �e�0�R2 ; (9)He is the external magneti �eld. Inserting Eqs. (8) and (9) into (7) andmaking use of Eq. (1) we obtain the �nal formula for the suseptibility ininterating system: � = �01� �0 ; (10)where �0 = L�I(�; ; T )�� : (11)We an see from Eq. (10) that if �0 ! 1 we get an instability towards anordered state.In Figs. 3 and 4 the suseptibilities as funtions of temperature T fordi�erent FS (di�erent u) and di�erent irumferenes Lx of the ylinder arepresented. We see that at a given temperature T the magneti responseinreases with inreasing urvature of the FS and with dereasing Lx. Therossover temperature T from para- to ferromagneti state also inreaseswith inreasing urvature of the FS (inreasing u) and dereasing irumfer-ene Lx.
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T [K]Fig. 3. Suseptibility � as a funtion of temperature T for di�erent shapes of theFermi surfaes (di�erent u) and le = 2 �m, Mr = 120.Now let us ompare the orbital magnetism of a mesosopi system in-terating via the magnetostati interation with the magnetism of a set ofspins oupled by the exhange interation. Let us assume we have Ns spins.In a paramagneti state MH = �1He ; (12)
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T [K]Fig. 4. Suseptibility � as a funtion of temperature T for di�erent irumferenesLx of the ylinder and le = 2 �m, Mr = 120.where MH is the magnetisation, and�1 = Ns�21kBT � CT ; (13)�1 = MH=Ns is the magneti moment.In the ase of a spin ferromagnet, aording to Weiss theory, there is aloal �eld oming from spin interations �MH , and heneMH = �1(He + �MH) � �He ; (14)where � = 2J=Ns, J is the interation onstant.From Eq. (14) we �nd the formula for the magneti suseptibility� = �11� ��1 ; (15)If Ns � 1 then � is very small. Aording to Eq. (13)� = CT � C� � CT � TCW ; (16)where TCW is the Curie�Weiss temperature, i.e. the temperature at whiha phase transition from the paramagneti to the ferromagneti state ours.Summarizing, in the presented paper we have disussed the orbital mag-neti suseptibility in a mesosopi ylinder made of a normal metal or a



Magneti Suseptibilities in Mesosopi Cylinders 457semiondutor. We have investigated the dependene of the magneti re-sponse on the shapes of the Fermi surfaes and on the irumferenes of theylinders. The rossover temperature T from para- to ferromagneti stateinreases with inreasing urvature of the FS (inreasing u) and dereasingirumferene Lx.The formula for the orbital magneti suseptibility an be ompared witha suseptibility of a set of interating spins. In these two ases we observea di�erent behavior in the external magneti �eld. We an also notie thatthe �orbital ferromagnetism� is a phenomenon opposite to superondutivitywhere He +MH = 0 and hene � = �1, i.e. full expulsion of the magneti�ux from the sample ours.Work supported by the Polish State Committee for Sienti� Researh(KBN) Grant 5P03B 033 20. REFERENCES[1℄ H.-F. Cheung, Y. Gefen, E.K. Riedel, IBM J. Res. Develop. 32, 359 (1988);H.-F. Cheung, E.K. Riedel, W.-H. Shih, Phys. Rev. B37, 6050 (1988).[2℄ M. Stebelski, M. Szopa, E. Zipper, Z. Phys. B103, 79 (1997).[3℄ M. Lisowski, E. Zipper, M. Stebelski, Phys. Rev. B59, 8305 (1999).[4℄ B.L. Altshuler, Nanostrutures and Mesosopi Systems, eds. W.P. Kirk andM.A. Reed, Aademi, New York 1992; U. Ekern, P. Shwab, Adv. Phys. 44,387 (1995); P. Mohanty, Ann. Phys. 8, 549 (1999).[5℄ B. Shapiro, Physia A200, 498 (1993).[6℄ E. Zipper, M. Szopa, Ata Phys. Pol. A87, 79 (1995).[7℄ M. Lisowski, E. Zipper, J. Magn. Magn. Mat. 189, 225 (1998).[8℄ A.P. Craknell, K.C. Wong, The Fermi Surfae, Oxford, Clarendon Press 1973.


