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MAGNETIC SUSCEPTIBILITIESIN MESOSCOPIC CYLINDERS�M. Lisowski and E. ZipperInstitute of Physi
s, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
e, Poland(Re
eived O
tober 20, 2000)We 
al
ulate and dis
uss orbital magneti
 sus
eptibilities in mesos
opi

ylinders made of a normal metal or a semi
ondu
tor for di�erent shapesof the Fermi surfa
es and for di�erent 
ir
umferen
es of the 
ylinders.PACS numbers: 72.10.�d, 72.90.+yIt is well known that paramagneti
 or diamagneti
 persistent 
urrents,run by 
oherent ele
trons, 
an be indu
ed in mesos
opi
 systems by a stati
magneti
 �eld [1℄. Persistent 
urrents in mesos
opi
 systems have been thesubje
t of many investigations [1�3℄. For re
ent reviews on persistent 
ur-rents in normal metals see Ref. [4℄.In this paper we present some model 
al
ulations of orbital magneti
 sus-
eptibilities in thinwalled mesos
opi
 
ylinders made of a normal metal ora semi
ondu
tor. We assume that ele
trons intera
t via the magnetostati
(
urrent�
urrent) intera
tion taken here in the self-
onsistent mean �eld ap-proximation. As a result the 
urrent is 
al
ulated in a self-
onsistent wayand one obtains spontaneous 
urrent solutions at low temperatures [3℄. Boththe 
urrent and the sus
eptibility are enhan
ed by the presen
e of the inter-a
tions. The magnitude of persistent 
urrent and hen
e of the sus
eptibilitydepends also strongly on the 
oheren
e of 
urrents from di�erent 
hannels,i.e. on the shape of the Fermi Surfa
e (FS). We show below that strongmagneti
 response 
an be obtained for systems with the FS exhibiting somedeparture from the spheri
al shape.It is well known [5℄ that mesos
opi
 systems 
an exhibit strong orbitalmagnetism for temperature T � �0=2�2kB � T 0 (�0 = hvF=Lx is the� Presented at the XXIV International S
hool of Theoreti
al Physi
s �TransportPhenomena from Quantum to Classi
al Regimes�, Ustro«, Poland, September 25�O
tober 1, 2000. (451)



452 M. Lisowski, E. Zipper�inverse time of �ight� or in other words, the quantum size energy gap foran ele
tron going around the 
ir
umferen
e of the 
ylinder, Lx is the 
ir
um-feren
e of the 
ylinder). The orbital magneti
 sus
eptibility of the ele
trongas 
an be then mu
h larger than the Landau value and 
an have eithersign [5℄.In this paper we negle
t spin be
ause the orbital quantum numbers 
loseto the Fermi energy are large, and the in
lusion of spin does not 
hange qual-itatively the 
onsidered phenomena. Systems with spin have been analysedin Ref. [6℄.In the system of 
ylindri
al geometry with the magneti
 �eld appliedalong the 
ylinder axis, the total �ux � whi
h 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 indu
tan
e 
oe�
ient, for a long 
ylinder L = �0�R2=Lz, Ris the radius of the 
ylinder.In normal metal 
ylinders of mesos
opi
 size 
oherent and normal ele
-trons 
oexist. The persistent 
urrent response is given by 
oherent ele
tronsand it is redu
ed by the presen
e of disorder and �u
tuations of di�erentkinds. In our re
ent papers [3, 7℄ we derived the formula for persistent 
ur-rents as a fun
tion of temperature and magneti
 �ux in the presen
e of�u
tuations 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 �u
tuation parameter, � is proportional tothe number of normal (non-
oherent) ele
trons in the system; I0(m) =e~kFx(m)=(meLx); Mz is the number of 
hannels in the kz dire
tion, Mris the number of 
hannels in the y dire
tion, a is the latti
e 
onstant.
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urrents given by Eq. (2) 
an be paramagneti
 or diamagneti
.In this paper we dis
uss only the paramagneti
 
urrent solutions.In order to dis
uss the in�uen
e of �I on the 
oherent properties ofmesos
opi
 
ylinders we 
al
ulate the energy gap at the FS for ele
tronsgoing around the 
ir
umferen
e 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 �u
tuation �, what is presented in Fig. 1.
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 energy gap �d as a fun
tion of temperature T for di�erentvalues of the relative �u
tua
tion �.Thus on the top of the quantum size energy gap there appears in thesystem the dynami
 gap whi
h 
omes from the magnetostati
 intera
tionand whi
h in
reases the 
oheren
e in the sample.The total 
urrent depends on the 
orrelation of 
urrents from di�erent
hannels whi
h 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 semi
ir
ular FS, for u � 12 we get the nearlyre
tangular FS, and for 2 < u < 12 we get the FS intermediate betweensemi
ir
ular and re
tangular, see Fig. 2. For u = 2 the 
urrents from di�erent
hannels add almost without 
orrelation and the total 
urrent is the smallest.The 
orrelation and the magnitude of the 
urrent in
reases with in
reasingu, i.e. with in
reasing 
urvature of the FS.
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kxFig. 2. Shapes of the Fermi surfa
es for di�erent values of parameter u.M (1�1=u)r is introdu
ed here to simulate the shape of the FS in the kydire
tion. In order to 
al
ulate the 
urrent I in real 3D systems exa
tly(i.e., where kFx depends as on kFz as on kFy), very fast 
omputers would bene
essary.Eqs. (1) and (2) form the two self-
onsistent equations for the 
urrent.Using them we 
an 
al
ulate the sus
eptibility �(T ):� = �M�He ; (7)where the magnetization M is given by the formulaM = ILz ; (8)
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 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 sus
eptibility inintera
ting 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 sus
eptibilities as fun
tions of temperature T fordi�erent FS (di�erent u) and di�erent 
ir
umferen
es Lx of the 
ylinder arepresented. We see that at a given temperature T the magneti
 responsein
reases with in
reasing 
urvature of the FS and with de
reasing Lx. The
rossover temperature T
 from para- to ferromagneti
 state also in
reaseswith in
reasing 
urvature of the FS (in
reasing u) and de
reasing 
ir
umfer-en
e Lx.
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T [K]Fig. 3. Sus
eptibility � as a fun
tion of temperature T for di�erent shapes of theFermi surfa
es (di�erent u) and le = 2 �m, Mr = 120.Now let us 
ompare the orbital magnetism of a mesos
opi
 system in-tera
ting via the magnetostati
 intera
tion with the magnetism of a set ofspins 
oupled by the ex
hange intera
tion. Let us assume we have Ns spins.In a paramagneti
 state MH = �1He ; (12)
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eptibility � as a fun
tion of temperature T for di�erent 
ir
umferen
esLx 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, a

ording to Weiss theory, there is alo
al �eld 
oming from spin intera
tions �MH , and hen
eMH = �1(He + �MH) � �He ; (14)where � = 2J=Ns, J is the intera
tion 
onstant.From Eq. (14) we �nd the formula for the magneti
 sus
eptibility� = �11� ��1 ; (15)If Ns � 1 then � is very small. A

ording to Eq. (13)� = CT � C� � CT � TCW ; (16)where TCW is the Curie�Weiss temperature, i.e. the temperature at whi
ha phase transition from the paramagneti
 to the ferromagneti
 state o

urs.Summarizing, in the presented paper we have dis
ussed the orbital mag-neti
 sus
eptibility in a mesos
opi
 
ylinder made of a normal metal or a
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ondu
tor. We have investigated the dependen
e of the magneti
 re-sponse on the shapes of the Fermi surfa
es and on the 
ir
umferen
es of the
ylinders. The 
rossover temperature T
 from para- to ferromagneti
 statein
reases with in
reasing 
urvature of the FS (in
reasing u) and de
reasing
ir
umferen
e Lx.The formula for the orbital magneti
 sus
eptibility 
an be 
ompared witha sus
eptibility of a set of intera
ting spins. In these two 
ases we observea di�erent behavior in the external magneti
 �eld. We 
an also noti
e thatthe �orbital ferromagnetism� is a phenomenon opposite to super
ondu
tivitywhere He +MH = 0 and hen
e � = �1, i.e. full expulsion of the magneti
�ux from the sample o

urs.Work supported by the Polish State Committee for S
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