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Nonlocal effects and shrinkage of the vortex core radius in YNB,C probed
by muon spin rotation
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The magnetic field distribution in the vortex state of YBJC has been probed by muon spin rotation. The
analysis based on the London model with nonlocal corrections shows that the vortex lattice has changed from
hexagonal to square with increasing magnetic fleldAt low fields the vortex core radiug, (H), decreases
with increasingH much steeper than what is expected from tft¢ behavior of the Sommerfeld constant
v(H), strongly suggesting that the anomalyyitH) primarily arises from the quasiparticle excitations outside
the vortex cores.
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The recent studies of the flux-line latti¢ELL) state in  nonlocal corrections in the specific compound.
ordinarys-wave superconductors have revealed that the elec- We report on muon spin rotatiopuSR) measurements of
tronic structure of vortices is much more complicated thanpe magnetic field dependence of thé magnetic penetra-
that of a simple array of rigid cylinders containing no_rmal tion depth), the effective vortex core radiys,, and the
electrons. One of the unexpected phenomena within this Corb'pex angle of the FLIO in single crystalline YKHBZC We
ventional model is the nonlinearity in the magnetu? field de'demonstrate that the proper reconstruction of the field profile
pendence of the Sommerfeld constm@Héﬁelectron;c SPE \ith a square FLL is obtained from theSR spectra only
cific heat coefficient observed in Ce NbSe,” and . . !

; . ) ’ when the nonlocal corrections are consideftathe field de-
YNIZBZC'.Z Accordmg to the aboye S|mple_ model where the endence ol turned out to be linear over the entire mag-
guasiparticle excitations are confined within the cores of vor};etiC field range of observation. More importantly, it was

tices(with a radiusé) in sswave superconductors, one would . . . o
expect thaty(H) is proportional to the number of vortices found thatp, shrinks sharply with increasing magnetic field
per unit cell and thus to the applied magnetic fieldHow- and levels off at higher fields. This shrinkage, however, is

ever, experiments have revealed that this is not the case féRuch steeper than that expected for the case when/ithe
any of the above compounds.Instead, they find a field behavior ofy(H) is entirely attributed to that qf,, , strongly
dependence likey(H)=+H which is expected fod-wave suggesting that the anomaly #{H) is mostly from the qua-
superconductors having more extended quasiparticle excitglparticle excitations outside the vortex cores.

tions along nodes in the energy gap. The recent study on the The single crystal of YNIB,C used in this experiment
effect of doping in YNiB,C and NbSg indicates that the (residual resistivity ratio, or rre37.4) had a surface area of
anomalous field dependence is observed only in the clea64 mnf. The superconducting transition temperatiie
limit,2 suggesting the importance of nonlocal effects in un-and the upper critical fieltH., (T=3 K) determined from
derstanding the field dependence@H). Moreover, it has  resistivity and specific heat measurements were 15.4 K and

been reported that the vortex core radius depends on appliddO T, respectively.uSR experiments were performed on the
magnetic field and shrinks at higher fields in Np$Ref. 3 M15 and M20 surface muon beamlines at TRIUMF. An ex-

and in CeRy.* perimental setup with high timing resolution was employed
Another  complication especially for borocarbides to measure the transverse figltF-) 1SR time spectra up to
(RNi,B,C,R=rare earth) is that a square FLL is formed in 5 T. The sample was mounted with itsaxis parallel to the
some of these compounds at high magnetic fields, whereasagplied field and beam directions, while the initial muon spin
hexagonal FLL is realized at low fields® This is not ex- polarization was perpendicular to the applied field. The
pected for the local model with isotropic intervortex interac-sample was field cooled at the measured magnetic fields to
tions and thereby suggests the importance of consideringinimize disorder of the FLL due to flux pinning. Since the
electronic structuréor the Fermi surfageand the associated muons stop randomly on the length scale of the FLL, the
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FIG. 1. Fourier transform of thgSR time spectra in YNB,C H=0.9 T, displayed in a rotating-reference-frame frequency-af
at 3 K. The time window is 3us with strong apodizatiofsee text MHz. For the solid/dashed curves, see the text.

muon spin precession signal provides a random sampling of .~ ~ A .
the internal field distribution in the FLL state. with x andy being the plane of precessioa,the FLL pa-
Figure 1 shows the fast Fourier transforgidT) of the  rameter,6 the apex angle of the FLLH, the average mag-
muon precession signal in YNB,C for different fields at netic field, \ the magnetic penetration depth, a&d being
T=3.0 K. The FFT was made over the time range g8 the cutoff parameter. The above reciprocal lattice vectors
with strong apodization for the entire time randélhe real ~ correspond to the case where the diagonal direction of the
amplitude of the FFT corresponds to the internal magneti¢LL [=u+v=2sin@2)x] is along the(100) direction of
field distribution in the FLL state convoluted with an addi- the crystal axis. The anisotropic parametzis determined
tional damping to account for the weak nuclear dipolarby the band structure, in whiclC scales witha as C
fields, FLL disorder, and distortions originating from the fi- =C,/\2.° The coefficients forC in Eq. (1) were adopted
nite time window and the reduced statisties at later tithes. from the theoretical estimation for LupB,C° The local
The high-field cutoff reflecting the magnetic field at the vor- London model is obtained by puttig=0.

tex core is Clearly observed. The small peak nearH, _ In addition to the nonlocal corrections, we have devel-
=0 is the residual background generated by muons whiclped a program to analyze theéSR spectra in théime do-
missed the sample. main to eliminate the uncertainty in the estimation of statis-

In our preliminary analysi&’ it was revealed that the lo- tical errors associated with fitting the FFT spectra. The
cal London model with a square FLL fails to reproduce thetheoretical time evolution of the muon spin polarization was
observeduSR spectra in YNiB,C. More specifically, the generated by assuming the field profile of Ex),*
apex angled of the FLL gradually increases from 60° with
increasing field, but it levels off over the field range above
0.5 T with #=75° [see Fig. 4c)] where the square FLL is dr
established by other measuremeies., #=90°).”**~1°Thus, P () +iPy(t)= f mexp{i Y H(r)t]ldH (5
the result in Ref. 12 was obtained with=75° for H
>0.5 T. As it is demonstrated below, we have found that this

problem is alleviated by taking account of the n?nJOC&l(»)/M is the muon gyromagnetic ra)iand Compared with the
corrections’ The local magnetic field at any point in theb ~ time spectra by the chi-squarg?) minimization technique.

plane is Considering the results of small angle neutron scattering
_ - (SANS (Refs. 7,13, and 14 and scanning tunneling
Hn) m 2 e K re=K%, microscopy/spectroscopySTM/STS,*® the apex angled
r)= , ! . — T o
04 1+KZ)\2+)\4(0.0705:K4+0.675’3k§k§) was fixed to 90° foH=0.4 T while it was treated as a fitting

1) parameter foH<0.4 T.

A typical example of theuSR time spectra measured in
whereK is the reciprocal lattice vectors, YNi,B,C under a magnetic field of 0.9 T is shown in Fig. 2,
where the solid curve is a fit by the nonlocal London model

K=lketmky (I m=0,£1,%2,...), @ while the dashed curve is by the local model with the apex
o 0 9 angle fixed to 90°. The value of deducgt for the nonlocal
= —co%§<+ sin—;}) (3)  model is more than three times smaller than that for the local
X i ' . . . .
asing 2 model, indicating that the nonlocal model provides much

) ) P better description of the data. The rate of additional Gaussian
™ o In relaxation due to trivial sourcdsuclear dipolar fields, vor-
Y asmﬁ(cosix smzy), @ tex pinnning, eto.is about 0.34us ! at 0.9 T and it tends
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to be independent of the field. Figure 3 shows the contour HIH HIH,
c2 [

plot of H(r) around a vortex aH=0.9 T reproduced from

#SR data, where th€100) axis of the crystal is along the h is sh b by solid circl q

horizontal direction. The fourfold symmetry due to the non- o cPv(i0 1S SNOWN DY OpEn SqUArTEs, 119 by SOUE CIrTes an

local corrections in Eq(l) is clearly observed. We note that &y by solid squares(c) 6 by circles and the one deduced from the
q y ) local London modelRef. 129 by triangles, andd) C in the FFL

f{here are two possible_ orientati_ons _Of the _FLL configqratiorgtate of YN}B,C at 3 K. The dashed curves (h) are described in
in Eq. (1), where the diagonal directiamtv is parallel with  hq text.

either the(100 or the(110 crystalline axis. We have found

that the field distribution withu+v parallel with(110) does  ger terms oK, where the definition of these length scales are
not reproduce our data with any combination of parametersyqified from those found in the previous analysis with local
This is perfectly in line with the results of other experiments,| ondon models, making it unsuitable to compare directly. In
as well as the theoretical calculation which yields a loweryqer to evaluate, including the effect of anisotropy, we

. 9 v 1
free energy fou+v parallel with(100. calculated the supercurrent densitr) from the deduced
. The physical parameters, ¢,, 6 and C versus normal- () ysing Maxwell's relationd(r) = |V X H(r)|. The radius
ized external field &3 K are shown in Fig. 4. We treaté&las |, “\ya5 then defined as the distance from the vortex center
a fitting parameter because its value in ¥BYC is un- ¢4 \which J(r) reaches its maximum value. The estimated
known. Thek- in YNi,B,C clequy exhibits dinear H depen- | 5 ,es arep, (100 = 66.7(6.7) A andp, (110 = 70.8(4.7) A
dence. A fit to the_ relat_|on)\(h):>\(0)(1+ 7-h),(h yielding the ratiop, 100 /pu(110 = 0-94(11).
=H/H.,) provides a d|menS|onIess parametyathat répre-  ° The field dependence of, is shown in Fig. 4b). The
sents the str(_angth of the palr-breaklng.effe_ct. We obtain 5 jues of p, are systematically larger thaf),, suggesting
7=0.951) [with .)‘(0):57_8'52'9) A] which is slightly yq¢ it may not be appropriate to interpret the cutoff param-
smaller than that in Nbgdi.e., 7=1.61 at 0.33; (Ref. 3] gter a5 the vortex core radius, whereas we assumegbthat
The cutoff parameteg, [Fig. 4(b), solid squaresshows a = _¢ i the previous analysi€ We stress that the core radius
steep decrease with increasiHgand subs_equently Ievelg off .an be obtained directly from the field profi(r) deduced
ath=H/H;>0.1(H>0.7 T). In our preliminary analysiS,  ¢om the uSR data, independent of the details of the FLL
we interpreted this cutoff parameter@s[see Eq(2) in Ref. 54| ysed! Having said this, the field dependencesgfis
12]. In the field regionh<0.06 whered was set as a free g ajitativly similar to that of,, showing a steep decrease
parameterg gradually decreases with decreasing field, indi- i, increasing field in the field rangé/H .,<0.15.
cating that the FLL transforms into a nearly hexagonal lat-  pecent calculations fos-wave superconductors based on
tice. However,d does not reach 60° in the lowest magneticihe quasiclassical Eilenberger equations predicts a shrinkage
field. The anisotropyC decreases with increasityy where it ¢ p, due to vortex-vortex interaction§. The quasiparticle

exhibits little correlation withg. While the value at lower density of statesDOS) N(H) is proportional toH? with
field is close to the theoretical estimatipr0.22 at 0.05 T in B=0.67 atT=0 in their prediction. Provided that all the

; 2
LuNi;B,C (Ref. 9], we found thatCA“ tends to decrease pog comes from inside the vortex cores, we would expect
with increasing field.

The field profile in Fig. 3 implies that there is an anisot- N(H)=Ncord H) o mp2- Hoc HE, (6)
ropy between thé100) and (110 directions in the effective
length scaleg\ and p,), whereas the model parameters in where the factoH arises from the number of vortices per
Eq. (1) represent mean values. Moreover, special precautionnit area, ancp,=H®~1"2 Fitting the field dependence of
must be taken to interpret the parameters in @gupon the  p,109 and p,119 N Fig. 4(b) to the relation p,
introduction of nonlocal corrections involving the higher or- = poh®~ 172 yields 8,109 =0.032(56),po(109 = 24.9(1.9) A

FIG. 4. TheH dependence dfa) \, (b) p, determined byuSR
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and f119=0.043(59)po(119=28.3(2.3) A with a mean valu_e of&y. We also_ note a possible connection to th(_e a_niso—
value for the powerd=0.038(41), while the field depen- [OPIC energy gap in YNB,C reported by photoemission
dence ofy(H) yields 8=0.430(11) By.2 The consider- spectroscopy, whereé, is scaled by the magnitude af,.

. Finally, we discuss the apex angleat lower fields where
ably smaller values fop compared with3gy, or the theoret- o qeviation from a hexagonal lattice is expectdd (

ical prediction strongly suggests that the origin of tild <0 04). We found that the agreement between the measured
behavior of y(H) is related to the quasiparticle excitations field distribution and calculations based on the present model
outside the vortex cores. This is in marked contrast with theyecomes far from satisfactory in the field range fat
case of CeRuwhere g=psy, indicating that the DOS is  <(0.04(H<0.3 T). This is probably due to the presence of
mostly attributed to the quasiparticles within the vortexthe deep minima along th@10 direction in Fig. 3, which
cores? The existence of delocalized quasiparticle excitationgpersists irrespective of the apex anfidote that the square

is further suggested by the fact that de Haas—van AlpheBhaped field distribution is independent@fas is evident in
effect has been clearly observed in the mixed state ofgq_ (1)]. The poor agreement strongly suggests that (.
YNi;B,C, where the cyclotron radius is much larger than thegjves the true ground state only for the case of a square FLL,
coherence lengtl§."” Surface impedanc&, measurements while the more isotropic distribution would be realized at
also indicate delocalized quasiparticles outside the vorteyower fields as the’=60° well reproduced by the local Lon-
cores'® The magnetic field dependence W{H) inside the  don modef® Thus, a more refined model is needed to repro-
cores estimated by is proportional toH, except at very duce the complete evolution of the FLL with field. We also
low field. These results are consistent with our conclusiorpoint out the possibility that FLL domains present through
that the localized quasiparticles within the vortex coi@s  the hexagonal-to-square transitifiike in LuNi,B,C (Ref.
termined byp,) contribute little to theyH behavior of the 22)] play an important role.

Sommerfeld constant, at least for-0.15. Here, we note that In summary, we found thap, shrinks steeply with in-

the agreement betwegh and By, is improved by assuming creasing field while. depends linearly on the magnetic field,
that N(H)=p,-H instead of Eq(6),' although the micro- strongly suggesting the presence of excess quasiparticles out-
scopic origin of this linear relation is not obvious at this side the vortex cores at higher fields. These results indicate
stage. In any case, the smg@lland associated steeper field the need to reconsider the conventional picture of a rigid
dependence op, at lower fields might be partly explained normal-electron core by taking into account the vortex-
by the multiband effect, where the electronic structure is efyortex interactions mediated by delocalized quasiparticles.
fectively described by a two-band mod8The BCS coher- We thank the TRIUMFu SR staff for technical support.
ence lengthég=rAvg/mAy [wherep,<0.6¢, (Ref. 18] es-  This work was partially supported by a Grant-in-Aid for Sci-
timated from the Fermi velocity and the energy gafy, in ence Research on Priority Areas from the Ministry of Edu-
YNi,B,C, is 60—120 A for one group and 370 A for another cation, Culture, Sports, Science, and Technology, Japan, and
branch, suggesting that,(H—0) is controlled by the larger also by a Grant from the CREST, JST, Japan.
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