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Anomalous vortex state of superconducting LuNi2B2C
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Muon spin rotation has been used to investigate the magnetic-field distribution in the vortex state of super-
conducting LuNi2B2C (Tc'16 K). Data for the magnetic field range 0.06Hc2&H&0.23Hc2 are fitted to a
nonlocal London model. The temperature dependence of the vortex core radius shows a clear Kramer-Pesch
effect due to depopulation of bound states within the cores. Also, the penetration depth and core radius vary
substantially with applied magnetic field, suggesting the presence of anomalous field-induced quasiparticles
and vortex-vortex interactions.
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The internal magnetic-field distribution is a sensiti
probe of the vortex state of a superconductor and the un
lying physics. In an isotropics-wave superconductor, theor
predicts the formation of a hexagonal lattice of magne
vortices each carrying an elementary quantum of flux. T
resulting field distribution is determined by the applied fie
H along with the fundamental length scales: the magn
penetration depthl and the coherence lengthj. Roughly
speakingl determines the decrease in local magnetic fi
between vortices, whereasj determines the maximum mag
netic field at the vortex center and the radiusr 0 of the vortex
cores.

In a simple model,l and r 0 do not depend strongly on
magnetic field or temperature deep in the superconduc
state (T!Tc andH!Hc2), where there are few excitation
Surprisingly however, bothl and r 0 extracted from muon
spin rotation (mSR) data often vary substantially with tem
perature and field in this region of the phase diagram, in
cating that a more detailed theory is required. For exam
vortices can support localized bound states in the super
ducting energy gap with an energy spacing on the orde
D2/EF ,1 whereD is the superconducting gap andEF is the
Fermi energy. According to the predicted Kramer-Pes
effect,2–4 thermal depopulation of such states causesr 0 to
decrease with temperature untilr 0;1/kF in the quantum
limit, where kBT falls below the lowest bound-state energ
Such vortex shrinking was recently observed in NbSe2,5,6

although the effect was weaker than expected. In addit
experiments on NbSe2 ~Ref. 7! and YBa2Cu3O61x ~Refs. 6
and 8! showed that the vortex core radius expands in l
magnetic fieldsHc1,H!Hc2. Supporting evidence for this
effect comes from Scanning tunneling microscopy9 ~STM!
and heat-capacity measurements10 in NbSe2, and can be ex-
plained by the transfer of quasiparticles between vortic
which increases with decreasing vortex lattice spacin11

However, the lower dimensionality in these materia
implies that the vortices may wobble in low magnetic field
0163-1829/2002/65~21!/214520~4!/$20.00 65 2145
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thereby affecting the magnetic field distribution and incre
ing the fitted value of the core radius. It is therefore imp
tant to carry out similar measurements on isotropic sup
conductors.

A third anomalous effect is that the effectivel in the
vortex state increases with magnetic field.7,6,12,13This is ob-
served in several superconductors, but is largest
YBa2Cu3O61x , where one expects strong nonlinear a
nonlocal effects arising from nodes in the superconduct
gap function.14

In this paper we reportmSR measurements of th
magnetic-field distribution in the vortex state o
LuNi2B2C @Tc516 K, Hc2(0)57 T],15 a nonmagnetic
member of the borocarbide family of superconducto
Unlike NbSe2 and YBa2Cu3O61x , LuNi2B2C has nearly iso-
tropic electronic properties.16 Data in the field range
0.4 T&H&1.6 T are fitted in the time domain to a nonloc
London model for the magnetic-field distribution, assumi
a square vortex lattice.17,18 We observe a strong field depen
dence of the core radius, similar to that seen in quasi-tw
dimensional ~2D! superconductors. Furthermore, th
Kramer-Pesch effect in LuNi2B2C is almost identical to tha
of NbSe2.

Muon spin rotation experiments on LuNi2B2C were per-
formed on the M20 surface muon channel at TRIUMF us
a conventional horizontal He-cooled cryostat. As describ
elsewhere,13 the implanted spin-polarized muons stop ra
domly on the length scale of the vortex lattice and preces
a rate proportional to the local magnetic field. The mu
ensemble-averaged precession signal is thus a direct me
of the distributionn(B) of local internal magnetic fields
High statistics runs were made with approximately 2
3106 muon decay events. The sample was a single cry
with a 2-cm2 surface area, grown from a Ni2B flux and
polycrystalline LuNi2B2C mixture.19,20

Figure 1 shows the time evolution of the muon polariz
tion measured in LuNi2B2C in a magnetic field of 1.2 T
©2002 The American Physical Society20-1
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applied along thec axis. The rapid decay of the signal aris
from the broad distribution of internal magnetic fields ch
acteristic of the vortex state. The solid curves are a fit t
nonlocal London model developed for borocarbides to
plain the magnetic-field-induced transition from a hexago
to a square vortex lattice.17,21,22In pure LuNi2B2C the tran-
sition occurs in the region of 0.1 T, but shifts to higher ma
netic fields in Co doped material.23,24

For H parallel to thec axis, the nonlocal London mode
predicts a spatial dependence of the internal magnetic
B(r ) given by

B~r !5(
k

B̄exp~ ik•r !exp~2k2j2/2!

11l2k21l4C~0.0705k410.675kx
2ky

2!
, ~1!

whereB̄ is the average magnetic field,l andj are the effec-
tive in-plane penetration depth and coherence length, res
tively, and thek’s are the reciprocal-lattice vectors of
square vortex lattice. The quartic and biquadratic termsk
are nonlocal corrections which scale with the fit parameteC.
The quality of the fits was similar to that obtained f
quasi-2D superconductors where a triangular vortex lattic
formed.13 Typically x2'800 for about 550 degrees of free
dom. We calculate the supercurrent densityJ(r ) from the
fitted field profileB(r ), and extract the core radiusr 0, de-
fined as the distance from the core center to the point in
nearest-neighbor core direction at whichJ(r ) is maximum.13

Core radii determined in this way are independent of
choice of model forB(r ), provided that the model fits th
data well. It should be noted that changes to the model o
produce a small shift in the absolute value ofl, but have
much less influence on its temperature and fi
dependence.13

Figure 2 displays the real amplitudes of the Fourier tra
form of the measured polarization signal at two differe
temperatures in an applied magnetic field ofH51.2 T. Such
a transform approximates the internal magnetic field dis
bution n(B) for an ideal vortex lattice, but is broadened b
the finite-time window, flux lattice disorder, and rando
nuclear dipolar fields.13 Fits to the data in the time domai
indicate that the latter two effects contribute a Gauss
broadening widths which is much smaller than the widt

FIG. 1. The time dependence of the real and imaginary part
the muon polarization signalP(t)5Px(t)1 iPy(t) in LuNi2B2C in
an applied field ofH51.2 T at a temperatureT52.6 K. The sig-
nal is displayed in a reference frame which rotates near the ave
Larmor frequency.
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due to the vortex lattice. For example, we finds51.1 mT
for the spectrum taken at 2.6 K. Near the average fieldB̄ in
Fig. 2 is a small background peak, due to the small fract
('5%) of muons which miss the sample. The shape
n(B), as apparent from Fig. 2, evolves considerably w
temperature. In particular the high-field tail is much mo
pronounced at 2.6 K, indicating that there is a significa
Kramer-Pesch effect, as reflected by the decrease in the
tex core radius.

Figure 3 shows the temperature dependence of the fi
parameters and the extracted vortex core radius. The
radius @Fig. 3~a!# clearly decreases with temperature belo
0.6Tc . This is attributed to the Kramer-Pesch effect, whe
the shrinking of the cores is due to the depopulation of bou
core states. STM measurements on LuNi2B2C did not find
evidence of bound core states, but this may be due to the
broadening and the relatively small mean free path.21 The
solid line in Fig. 3~a! is a fit of the LuNi2B2C data, shown as
solid circles, to the linear relationr 0(T)5r 0(0)(11a(T
2T0)/Tc) for T.T0, with a50.84(5) andT051.0(4) K.
In the fit r 0(0) is set to 64 Å, since we expect
temperature-independent core radius in the quantum limT
,T0, similar to that seen in NbSe2.5 For comparison, open
circles depict the previous data on NbSe2. The slopes are
almost identical, confirming that bound quasiparticle sta
play a similar role in the nearly isotropic LuNi2B2C and
quasi-2D NbSe2. The magnitude of the observed Krame
Pesch effect is less than predicted by theories2–4 supposing
static isolated vortices, which do not take into account z
point motion or interactions between vortices.13

Figure 3~b! shows the temperature dependence of the
fective magnetic penetration depth. The curve is a fit to
BCS form with a single free parameterl(0)5949(8) Å.
Although the data are are not sufficiently accurate to dis
guish this form from a small linear term, the temperatu
dependence for LuNi2B2C is definitely much weaker than
that observed12 in YBa2Cu3O6.95, which has line nodes. Re
cent transport measurements15 at very low temperatures
(70 mK) showed that the electronic thermal conductiv
has a strong field dependence attributed to delocalized

of

ge
FIG. 2. Real amplitude of Fourier transforms of the measu

polarization signal atT510 and 2.6 K. The dashed line represen
zero amplitude, while the solid horizontal lines indicate the size
the ringing caused by transforming over a finite-time window.
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siparticles arising from a highly anisotropic gap functio
possibly with nodes. The present result suggests that s
excitations are not a strong function of temperature be
about 0.5Tc , although we also find evidence of substant
field-induced excitations~see below!. Figure 3~c! shows that
the nonlocal terms, as measured byC, are weak functions of
temperature.

As shown in Fig. 4, the parametersr 0 , l, andC all vary
considerably with magnetic field. For example, the core
diusr 0 in Fig. 4~a! increases at lower magnetic fields. This
similar to what is seen in the quasi-2D superconduct
NbSe2,7 YBa2Cu3O6.60,6 and YBa2Cu3O6.95.25 Although
vortices may not be well connected from plane to plane
quasi-2D materials, such a ‘‘vortex wobble’’ seems unlike
to influence the value ofr 0 in nearly isotropic materials suc
as LuNi2B2C. Also, recent thermodynamic measurements
LuNi2B2C showed that the Sommerfeld constantg varies as
H0.63,26 which is close to the predicted behavior for vort
expansion ins-wave superconductors.27

Figure 4~b! shows that the penetration depth in LuNi2B2C
increases with applied field. This is similar to NbSe2,7

YBa2Cu3O6.95,12 and YBa2Cu3O6.60,6 where the increase i
attributed to nonlinear and nonlocal effects. The field dep
dence ofl is expected to be larger in superconductors wh
the gap function has nodes or is very anisotropic.14 The solid
line in Fig. 4~b! is a fit to the linear functional forml
5l0(11bH/Hc2), wherel05590(20) Å andb53.8(5).

FIG. 3. Temperature dependence of the parameters used
the magnetic-field distribution in LuNi2B2C in an applied magnetic
field H51.2 T. The solid circles in~a! are the current measure
ments of the vortex core radius, whereas the open circles are
for NbSe2 from Miller et al. ~Ref. 5! Panel~b! shows the effective
magnetic penetration depthl, while the curve is a fit to the BCS
form. Panel~c! displays the nonlocal parameterC appearing in
Eq. ~1!.
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For comparison, the dashed line and open circles are
NbSe2. The slope ofl(H) for LuNi2B2C is about twice that
for NbSe2 (b51.6),7 and four times that reported recent
for YNi2B2C (b50.97).28 This strong field dependence ap
pears in our effectivel even though the model includes firs
order nonlocal corrections. This suggests that there are a
nificant number of field induced quasiparticles, which
consistent with the strong-field dependence seen in the l
temperature thermal conductivity,15 as well as theoretica
work29 arguing that LuNi2B2C is a nodal superconductor.
is also possible that some of the field dependence we obs
is due to the reduced accuracy of the London model in la
magnetic fields.

The magnetic field dependence of the nonlocal param
C @see Fig. 4~c!# is stronger than the theoretical prediction17

that C varies as 1/l2(H). If one takes our measuredl(H)
from Fig. 4~b!, one would expect thatC would fall off ac-
cording to the dashed curve in Fig. 4~c!. AssumingC varies
as 1/l4(H) ~solid curve! however, fits better empirically. The
value for C extrapolated to the low field region is about
factor of 2 smaller than the estimate of 0.22 used to exp
the vortex phase diagram at low fields.17 Our smallerC cor-
responds to weaker nonlocal effects and, therefore, a hig
transition fieldH2(T) between the triangular and square vo
tex lattices. Indeed, a larger transition fieldH2(T) than that
calculated for C50.22 is observed through decoratio
images30 and small-angle neutron scattering.31

fit

ata

FIG. 4. The magnetic-field dependence of~a! the vortex core
radius, ~b! the effective magnetic penetration depth, and~c! the
nonlocal parameterC in LuNi2B2C at T52.5 K. The parameters
were obtained from fits to a nonlocal London model~see the text!.
In ~b! the field dependence ofl is much stronger for LuNi2B2C
~solid circles! than for NbSe2 ~open circles!. The dashed and
solid curves in~c! are fits assumingC varies as 1/l2 and 1/l4,
respectively.
0-3
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In conclusion, we reportmSR measurements of the mag
netic field distribution in the isotropic superconduct
LuNi2B2C. A clear Kramer-Pesch effect is observed, due
thermal depopulation of bound quasiparticle states within
vortex cores. As with NbSe2, the effect is less than expecte
from theory for an isolated vortex. Additionally, the vorte
core radius expands at low magnetic fields, as in so
quasi-2D superconductors. Although the magnetic pene
tion depthl shows a weak temperature dependence typ
o
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of an energy gap at the Fermi surface,l also shows a strong
linear magnetic field dependence, which suggests a subs
tial number of field induced quasiparticles.
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