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THEORETICAL STUDIES ON VORTICESIN UNCONVENTIONAL AND CONVENTIONALSUPERCONDUCTORS�K. Ma
hida, M. I
hioka, P. Miranovi¢, M. Takigawaand N. NakaiDepartment of Physi
s, Okayama University, Okayama, 700-8530, Japan(Re
eived July 10, 2002)Vortex imaging method by the site sele
tive NMR is explained by self-
onsistently solving the Bogoliubov�de Gennes equation for both s-waveand d-wave pairings. We analyze the temperature dependen
e of the re-lation time T1 using the resonan
e frequen
y at the intensity maximum,namely the saddle point T1 experiments. The site sele
tive T1 data areshown to yield valuable information on low-lying ele
troni
 ex
itationsaround a vortex 
ore.PACS numbers: 76.60.P
, 74.60.E
, 74.25.Jb1. Introdu
tionThe low-lying ex
itations around a vortex 
ore play an important rolein type II super
ondu
tors. Many physi
al properties in a mixed state aredetermined by these ex
itation spe
tra, ranging from thermodynami
 prop-erties su
h as ele
troni
 spe
i�
 heat and the upper 
riti
al �eld H
2 tovarious transport properties. Of parti
ularly interesting is the di�eren
e be-tween 
onventional s-wave pairing and un
onventional pairing state wherethe energy gap vanishes at a 
ertain point on the Fermi surfa
e. The spatialstru
ture of the ex
itation spe
trum around a 
ore is dire
tly observed byS
anning Tunneling Mi
ros
opy (STM), whi
h yields quite impressive stru
-tures for these two kinds of materials [1℄. However, sin
e STM is a surfa
esensitive probe, it is desirable to independently 
he
k these results by otherbulk measurements. In this 
ontext we proposed a site-sele
tive NMR exper-iment [2℄. The method relies on a fa
t that ea
h frequen
y in the resonan
espe
trum, or the Red�eld pattern 
ontains lo
al information 
orresponding� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(545)
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hida et al.to ea
h position in the vortex latti
e through the magneti
 �eld distribution.Thus by tuning the resonan
e frequen
y we 
an obtain the site-dependentrelaxation time T1(r). A

ording to this proposal, vortex imaging NMRexperiments [3, 4℄ are performed on high T
 
uprates and yield valuableinformation on the 
ore ex
itations. Through these theoreti
al and exper-imental studies it is now re
ognized in retrospe
t that vast majority NMRmeasurements in the past using the resonan
e at the maximum intensitygive the information 
oming from the saddle point of the �eld distribution,whi
h is far site from the 
ore. Here we explain two unsolved results onthe saddle point NMR for s-wave super
ondu
tors, namely, the suppressionof the Hebel�Sli
hter peak below T
 by magneti
 �eld [5℄ and the T -linearbehavior of T�11 at lower T for d-wave super
ondu
tors [6�8℄.2. Bogoliubov�de Gennes equationWe start with the Bogoliubov�de Gennes (BdG) equation for the ex-tended Hubbard model in the s- and d-wave 
ases, whi
h is given byXj � Ki;j Di;jD�i;j �K�i;j �� u�(rj)v�(rj) � = E�� u�(ri)v�(ri) � ; (1)where Ki;j = �ti;j exp24i ��0 rjZri A(r) � dr35� Æi;j� ;Di;j = Æi;jU�i;i + 12Vi;j�i;jwith the on-site intera
tion U , the 
hemi
al potential � and the �ux quan-tum �0. The transfer integral ti;j = t and the nearest neighbor intera
tionVi;j = V for the NN site pair ri and rj , and otherwise ti;j = Vi;j = 0. Theve
tor potential A(r) = 12H�r in the symmetri
 gauge. The self-
onsistent
ondition for the pair potential is�i;j = �12X� u�(ri)v��(rj) tanh�E�2T � :The band �lling fa
tor hni � 0:9 in our 
al
ulation.We 
onsider the square vortex latti
e 
ase where nearest neighbor vortexis lo
ated at the 45Æ dire
tion from the a axis. The unit 
ell in our 
al
ulationis the square area of N2r sites where two vorti
es are in
luded. Then, the�eld strength HNr = 2�0=(
Nr)2 (
 is the atomi
 latti
e 
onstant). The on-site s-wave pair potential �s(ri) = U�i;i. The dx2�y2 -wave pair potential is



Theoreti
al Studies on Vorti
es in Un
onventional and . . . 547given by �d(ri) = V (�x̂;i+��x̂;i��ŷ;i���ŷ;i)=4. We 
onstru
t the Greenfun
tions from E�, u�(r) and v�(r), and 
al
ulate the spin�spin 
orrelationfun
tion �+;�(r; r0; i
n). Then, we obtain the nu
lear spin relaxation rateR(r; r0) = Im�+;�(r; r0; i
n ! 
 + i�)(
=T ) j
!0= � X�;�0 u�(r)u��0(r)hu�(r0)u��0(r0) + v�(r0)v��0(r0)i��Tf 0(E�)Æ(E� �E�0) ; (2)with the Fermi distribution fun
tion f(E). We 
onsider the 
ase r = r0by assuming that the nu
lear relaxation o

urs lo
ally. Then, r-dependentrelaxation time is given by T1(r) = 1=R(r; r). In Eq. (2), we use Æ(x) =��1Im(x � i�)�1 to 
onsider the dis
rete energy level of the �nite size
al
ulation. We typi
ally use � = 0:01t. To understand the behaviorof T1(r), we also 
onsider the Lo
al Density of States (LDOS) given byN(r; E) = �P�[ju�(r)j2f 0(E� � E) + jv�(r)j2f 0(E� +E)℄: It 
orrespondsto the di�erential tunneling 
ondu
tan
e of STM experiments.
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Fig. 1. T�11 at the saddle point. s-wave (a) and d-wave (b) 
ases for three magneti
�eld values. The inset in (b) shows the low T -behaviors.3. Saddle point T1Fig. 1 shows the results of TN1 =T1 at the saddle point for sele
ted �eldvalues with TN1 normal state value. For the s-wave 
ase (a) it is seen thatthe Hebel�Sli
hter peak at low �eld is suppressed for intermediate �led and
ompletely disappears at higher �eld. This behavior is similar to 51V-NMRresult [5℄ of V3Sn, whi
h is a type II super
ondu
tor with s-wave pairing.At lower T , T�11 (T ) at the saddle point exhibits the T -dependen
e 
hara
-
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hida et al.terized by the a
tivation type e���mini where �mini is the vortex bound stateenergy. Several experiments [9,10℄ suggest a notable deviation from the BCSform e���0 (�0) and may indi
ate the above result.We display the 
orresponding d-wave 
ase in Fig. 1(b) where the saddlepoint T�11 (T ) is shown. It is seen from this that a redu
ed Hebel�Sli
hterpeak is also suppressed by �eld be
ause the singularity at the gap edge inDOS is smeared by the presen
e of vorti
es [11℄. At lower T the T -linearbehavior in T�11 (T ) 
an be seen from the inset in Fig. 1(b) ex
ept forthe highest �eld 
ase (H12). These data imply that 1=TT1 � �H (� isa 
onstant). Sin
e T�11 (T ) 
ontains a fa
tor proportional to the square ofthe average DOS at the E = EF , it is quite reasonable to 
onsider that1=TT1 / 
(H)2 (
(H) is DOS at E = EF ). As shown previously [11℄ ford-wave 
(H) / H0:41. Thus 1=TT1 / H0:82 at the saddle point. Thisexpe
tation is supported by NMR using 63Cu [6℄ and 17O [7℄ in YBa2Cu3Y7and 63Cu [8℄ in YBa2Cu4Y8. 4. Con
lusionBy solving the Bogoliubov�de Gennes equation numeri
ally we haveshown the usefulness of the site sele
tive NMR to know low-lying ele
troni
ex
itations around a vortex 
ore. The present study treats s-wave andd-wave 
ases. Although some of the important features of the latter 
aserealized in the high T
 
uprates 
an be understood, more re
ent STM andNMR experiments [3,4℄ give results that sharply 
ontradi
t the present 
al-
ulation. Namely, it is suggested that in the vortex 
ore antiferromagnetismis lo
ally indu
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