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Nonlocal effects and shrinkage of the vortex core radius in YNi2B2C probed
by muon spin rotation
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The magnetic field distribution in the vortex state of YNi2B2C 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 fieldH. At low fields the vortex core radius,rv(H), decreases
with increasingH much steeper than what is expected from theAH behavior of the Sommerfeld constant
g(H), strongly suggesting that the anomaly ing(H) primarily arises from the quasiparticle excitations outside
the vortex cores.
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The recent studies of the flux-line lattice~FLL! state in
ordinarys-wave superconductors have revealed that the e
tronic structure of vortices is much more complicated th
that of a simple array of rigid cylinders containing norm
electrons. One of the unexpected phenomena within this c
ventional model is the nonlinearity in the magnetic field d
pendence of the Sommerfeld constantg(H) ~electronic spe-
cific heat coefficient! observed in CeRu2,1 NbSe2,2 and
YNi2B2C.2 According to the above simple model where t
quasiparticle excitations are confined within the cores of v
tices~with a radiusj! in s-wave superconductors, one wou
expect thatg(H) is proportional to the number of vortice
per unit cell and thus to the applied magnetic fieldH. How-
ever, experiments have revealed that this is not the case
any of the above compounds.1,2 Instead, they find a field
dependence likeg(H)}AH which is expected ford-wave
superconductors having more extended quasiparticle ex
tions along nodes in the energy gap. The recent study on
effect of doping in YNi2B2C and NbSe2 indicates that the
anomalous field dependence is observed only in the c
limit,2 suggesting the importance of nonlocal effects in u
derstanding the field dependence ofg(H). Moreover, it has
been reported that the vortex core radius depends on ap
magnetic field and shrinks at higher fields in NbSe2 ~Ref. 3!
and in CeRu2.4

Another complication especially for borocarbid
(RNi2B2C,R5rare earth) is that a square FLL is formed
some of these compounds at high magnetic fields, where
hexagonal FLL is realized at low fields.5–8 This is not ex-
pected for the local model with isotropic intervortex intera
tions and thereby suggests the importance of conside
electronic structure~or the Fermi surface! and the associate
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nonlocal corrections in the specific compound.
We report on muon spin rotation (mSR) measurements o

the magnetic field dependence of theâ-b̂ magnetic penetra-
tion depthl, the effective vortex core radiusrv , and the
apex angle of the FLLu in single crystalline YNi2B2C. We
demonstrate that the proper reconstruction of the field pro
with a square FLL is obtained from themSR spectra only
when the nonlocal corrections are considerred.9 The field de-
pendence ofl turned out to be linear over the entire ma
netic field range of observation. More importantly, it w
found thatrv shrinks sharply with increasing magnetic fie
and levels off at higher fields. This shrinkage, however,
much steeper than that expected for the case when theAH
behavior ofg(H) is entirely attributed to that ofrv , strongly
suggesting that the anomaly ing(H) is mostly from the qua-
siparticle excitations outside the vortex cores.

The single crystal of YNi2B2C used in this experimen
~residual resistivity ratio, or rrr.37.4) had a surface area o
;64 mm2. The superconducting transition temperatureTc
and the upper critical fieldHc2 (T53 K) determined from
resistivity and specific heat measurements were 15.4 K
7.0 T, respectively.2 mSR experiments were performed on th
M15 and M20 surface muon beamlines at TRIUMF. An e
perimental setup with high timing resolution was employ
to measure the transverse field~TF-! mSR time spectra up to
5 T. The sample was mounted with itsĉ axis parallel to the
applied field and beam directions, while the initial muon sp
polarization was perpendicular to the applied field. T
sample was field cooled at the measured magnetic field
minimize disorder of the FLL due to flux pinning. Since th
muons stop randomly on the length scale of the FLL,
©2002 The American Physical Society05-1
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muon spin precession signal provides a random samplin
the internal field distribution in the FLL state.

Figure 1 shows the fast Fourier transforms~FFT! of the
muon precession signal in YNi2B2C for different fields at
T.3.0 K. The FFT was made over the time range of 3ms
with strong apodization for the entire time range.10 The real
amplitude of the FFT corresponds to the internal magn
field distribution in the FLL state convoluted with an add
tional damping to account for the weak nuclear dipo
fields, FLL disorder, and distortions originating from the
nite time window and the reduced statisties at later time11

The high-field cutoff reflecting the magnetic field at the vo
tex core is clearly observed. The small peak nearH2H0
50 is the residual background generated by muons wh
missed the sample.

In our preliminary analysis,12 it was revealed that the lo
cal London model with a square FLL fails to reproduce t
observedmSR spectra in YNi2B2C. More specifically, the
apex angleu of the FLL gradually increases from 60° wit
increasing field, but it levels off over the field range abo
0.5 T with u.75° @see Fig. 4~c!# where the square FLL is
established by other measurements~i.e.,u.90°!.7,13–15Thus,
the result in Ref. 12 was obtained withu.75° for H
.0.5 T. As it is demonstrated below, we have found that t
problem is alleviated by taking account of the nonloc
corrections.9 The local magnetic field at any point in theâ-b̂
plane is

H~r !5H̄0(
K

e2 iK•re2K2jv
2

11K2l21l4~0.0705CK410.675Ckx
2ky

2!
,

~1!

whereK is the reciprocal lattice vectors,

K5 lkx1mky ~ l ,m50,61,62, . . . !, ~2!

kx5
2p

a sinu S 2cos
u

2
x̂1sin

u

2
ŷD , ~3!

ky5
2p

a sinu S cos
u

2
x̂1sin

u

2
ŷD , ~4!

FIG. 1. Fourier transform of themSR time spectra in YNi2B2C
at 3 K. The time window is 3ms with strong apodization~see text!.
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with x̂ and ŷ being the plane of precession,a the FLL pa-

rameter,u the apex angle of the FLL,H̄0 the average mag
netic field, l the magnetic penetration depth, andjv being
the cutoff parameter. The above reciprocal lattice vect
correspond to the case where the diagonal direction of
FLL @5u1v52sin(u/2)x̂# is along the^100& direction of
the crystal axis. The anisotropic parameterC is determined
by the band structure, in whichC scales with l as C
5C0 /l2.9 The coefficients forC in Eq. ~1! were adopted
from the theoretical estimation for LuNi2B2C.9 The local
London model is obtained by puttingC50.

In addition to the nonlocal corrections, we have dev
oped a program to analyze themSR spectra in thetime do-
main to eliminate the uncertainty in the estimation of sta
tical errors associated with fitting the FFT spectra. T
theoretical time evolution of the muon spin polarization w
generated by assuming the field profile of Eq.~1!,11

Px~ t !1 iPy~ t !5E dr

dH~r !
exp@ igmH~r !t#dH ~5!

(gm is the muon gyromagnetic ratio! and compared with the
time spectra by the chi-square (x2) minimization technique.
Considering the results of small angle neutron scatter
~SANS! ~Refs. 7,13, and 14! and scanning tunneling
microscopy/spectroscopy~STM/STS!,15 the apex angleu
was fixed to 90° forH>0.4 T while it was treated as a fitting
parameter forH,0.4 T.

A typical example of themSR time spectra measured
YNi2B2C under a magnetic field of 0.9 T is shown in Fig.
where the solid curve is a fit by the nonlocal London mod
while the dashed curve is by the local model with the ap
angle fixed to 90°. The value of deducedx2 for the nonlocal
model is more than three times smaller than that for the lo
model, indicating that the nonlocal model provides mu
better description of the data. The rate of additional Gauss
relaxation due to trivial sources~nuclear dipolar fields, vor-
tex pinnning, etc.! is about 0.34ms21 at 0.9 T and it tends

FIG. 2. The muon precession signalPx(t) in YNi2B2C at
H50.9 T, displayed in a rotating-reference-frame frequency of;2
MHz. For the solid/dashed curves, see the text.
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to be independent of the field. Figure 3 shows the cont
plot of H(r ) around a vortex atH50.9 T reproduced from
mSR data, where thê100& axis of the crystal is along the
horizontal direction. The fourfold symmetry due to the no
local corrections in Eq.~1! is clearly observed. We note tha
there are two possible orientations of the FLL configurat
in Eq. ~1!, where the diagonal directionu1v is parallel with
either the^100& or the^110& crystalline axis. We have found
that the field distribution withu1v parallel with ^110& does
not reproduce our data with any combination of paramet
This is perfectly in line with the results of other experimen
as well as the theoretical calculation which yields a low
free energy foru1v parallel with ^100&.9

The physical parametersl, jv , u and C versus normal-
ized external field at 3 K are shown in Fig. 4. We treatedC as
a fitting parameter because its value in YNi2B2C is un-
known. Thel in YNi2B2C clearly exhibits alinear H depen-
dence. A fit to the relationl(h)5l(0)(11h•h),(h
5H/Hc2) provides a dimensionless parameterh that repre-
sents the strength of the pair-breaking effect. We obt
h50.95~1! @with l~0!5578.5~2.0! Å# which is slightly
smaller than that in NbSe2 @i.e., h51.61 at 0.33Tc ~Ref. 3!#.
The cutoff parameterjv @Fig. 4~b!, solid squares# shows a
steep decrease with increasingH and subsequently levels o
ath[H/Hc2.0.1 (H.0.7 T). In our preliminary analysis,12

we interpreted this cutoff parameter asrv @see Eq.~2! in Ref.
12#. In the field regionh,0.06 whereu was set as a free
parameter,u gradually decreases with decreasing field, in
cating that the FLL transforms into a nearly hexagonal
tice. However,u does not reach 60° in the lowest magne
field. The anisotropyC decreases with increasingH, where it
exhibits little correlation withu. While the value at lower
field is close to the theoretical estimation@;0.22 at 0.05 T in
LuNi2B2C ~Ref. 9!#, we found thatCl2 tends to decreas
with increasing field.

The field profile in Fig. 3 implies that there is an aniso
ropy between thê100& and ^110& directions in the effective
length scales~l and rv), whereas the model parameters
Eq. ~1! represent mean values. Moreover, special precau
must be taken to interpret the parameters in Eq.~1! upon the
introduction of nonlocal corrections involving the higher o

FIG. 3. The contour map of a flux line atH50.9 T in real
space, where the unit cell lengtha of FLL is 471.9 Å.
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der terms ofK, where the definition of these length scales a
modified from those found in the previous analysis with loc
London models, making it unsuitable to compare directly.
order to evaluaterv including the effect of anisotropy, we
calculated the supercurrent densityJ(r ) from the deduced
H(r ) using Maxwell’s relationJ(r )5u¹3H(r )u. The radius
rv was then defined as the distance from the vortex ce
for which J(r ) reaches its maximum value. The estimat
values arerv^100&566.7(6.7) Å andrv^110&570.8(4.7) Å,
yielding the ratiorv^100& /rv^110&50.94(11).

The field dependence ofrv is shown in Fig. 4~b!. The
values ofrv are systematically larger thanjv , suggesting
that it may not be appropriate to interpret the cutoff para
eter as the vortex core radius, whereas we assumed tharv
5jv in the previous analysis.12 We stress that the core radiu
can be obtained directly from the field profileH(r ) deduced
from the mSR data, independent of the details of the F
model used.11 Having said this, the field dependence ofrv is
qualitativly similar to that ofjv , showing a steep decreas
with increasing field in the field rangeH/Hc2,0.15.

Recent calculations fors-wave superconductors based o
the quasiclassical Eilenberger equations predicts a shrink
of rv due to vortex-vortex interactions.16 The quasiparticle
density of states~DOS! N(H) is proportional toHb with
b50.67 at T50 in their prediction. Provided that all th
DOS comes from inside the vortex cores, we would expe

N~H !5Ncore~H !}prv
2
•H}Hb, ~6!

where the factorH arises from the number of vortices pe
unit area, andrv}H (b21)/2. Fitting the field dependence o
rv^100& and rv^110& in Fig. 4~b! to the relation rv
5r0h(b21)/2 yields b^100&50.032(56),r0^100&524.9(1.9) Å

FIG. 4. TheH dependence of~a! l, ~b! rv determined bymSR
whererv^100& is shown by open squares,rv^110& by solid circles and
jv by solid squares,~c! u by circles and the one deduced from th
local London model~Ref. 12! by triangles, and~d! C in the FFL
state of YNi2B2C at 3 K. The dashed curves in~b! are described in
the text.
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and b^110&50.043(59),r0^110&528.3(2.3) Å with a mean
value for the powerb̄.0.038(41), while the field depen
dence ofg(H) yields b50.430(11)[bSH.2 The consider-
ably smaller values forb̄ compared withbSH or the theoret-
ical prediction strongly suggests that the origin of theAH
behavior ofg(H) is related to the quasiparticle excitation
outside the vortex cores. This is in marked contrast with
case of CeRu2 where b.bSH, indicating that the DOS is
mostly attributed to the quasiparticles within the vorte
cores.4 The existence of delocalized quasiparticle excitatio
is further suggested by the fact that de Haas–van Alph
effect has been clearly observed in the mixed state
YNi2B2C, where the cyclotron radius is much larger than t
coherence lengthj.17 Surface impedanceZs measurements
also indicate delocalized quasiparticles outside the vor
cores.18 The magnetic field dependence ofN(H) inside the
cores estimated byZs is proportional toH, except at very
low field. These results are consistent with our conclus
that the localized quasiparticles within the vortex cores~de-
termined byrv) contribute little to theAH behavior of the
Sommerfeld constant, at least forh.0.15. Here, we note tha
the agreement betweenb andbSH is improved by assuming
that N(H)}rv•H instead of Eq.~6!,19 although the micro-
scopic origin of this linear relation is not obvious at th
stage. In any case, the smallb and associated steeper fie
dependence ofrv at lower fields might be partly explained
by the multiband effect, where the electronic structure is
fectively described by a two-band model.20 The BCS coher-
ence lengthj05\vF /pD0 @whererv<0.6j0 ~Ref. 16!# es-
timated from the Fermi velocityvF and the energy gapD0 in
YNi2B2C, is 60–120 Å for one group and 370 Å for anoth
branch, suggesting thatrv(H→0) is controlled by the larger
d
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value ofj0. We also note a possible connection to the anis
tropic energy gap in YNi2B2C reported by photoemission
spectroscopy,21 wherej0 is scaled by the magnitude ofD0.

Finally, we discuss the apex angleu at lower fields where
the deviation from a hexagonal lattice is expected (h
,0.04). We found that the agreement between the measu
field distribution and calculations based on the present mo
becomes far from satisfactory in the field range ath
,0.04(H,0.3 T). This is probably due to the presence o
the deep minima along thê110& direction in Fig. 3, which
persists irrespective of the apex angle@Note that the square
shaped field distribution is independent ofu, as is evident in
Eq. ~1!#. The poor agreement strongly suggests that Eq.~1!
gives the true ground state only for the case of a square F
while the more isotropic distribution would be realized a
lower fields as theu.60° well reproduced by the local Lon-
don model.12 Thus, a more refined model is needed to repr
duce the complete evolution of the FLL with field. We als
point out the possibility that FLL domains present throug
the hexagonal-to-square transition@like in LuNi2B2C ~Ref.
22!# play an important role.

In summary, we found thatrv shrinks steeply with in-
creasing field whilel depends linearly on the magnetic field
strongly suggesting the presence of excess quasiparticles
side the vortex cores at higher fields. These results indic
the need to reconsider the conventional picture of a rig
normal-electron core by taking into account the vorte
vortex interactions mediated by delocalized quasiparticles
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