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Anomalous vortex state of superconducting LuNiB,C

A. N. Price, R. I. Miller, R. F. Kiefl, J. A. Chakhalian, S. R. Dunsigeand G. D. Morri§
TRIUMF, Canadian Institute for Advanced Research and Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC, Canada V6T 1Z1

J. E. Sonier
Department of Physics, Simon Fraser University, Burnaby, BC, Canada V5A 1S6

P. C. Canfield
Ames Laboratory and Department of Physics and Astronomy, lowa State University, Ames, lowa 50011
(Received 5 August 2001; published 6 June 2002

Muon spin rotation has been used to investigate the magnetic-field distribution in the vortex state of super-
conducting LUNjB,C (T.~16 K). Data for the magnetic field range OHI6<H=<0.23H, 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 sensitive thereby affecting the magnetic field distribution and increas-

probe of the vortex state of a superconductor and the undeirg the fitted value of the core radius. It is therefore impor-
lying physics. In an isotropis-wave superconductor, theory tant to carry out similar measurements on isotropic super-
predicts the formation of a hexagonal lattice of magneticconductors.
vortices each carrying an elementary quantum of flux. The A third anomalous effect is that the effective in the
resulting field distribution is determined by the applied fieldvortex state increases with magnetic fiéff:>*3This is ob-
H along with the fundamental length scales: the magneticerved in several superconductors, but is largest for
penetration depthn and the coherence length Roughly YBa,Cu;Og.4, Where one expects strong nonlinear and
speaking\ determines the decrease in local magnetic fieldhonlocal effects arising from nodes in the superconducting
between vortices, wheregsdetermines the maximum mag- gap function*

netic field at the vortex center and the radigf the vortex In this paper we reportuSR measurements of the
cores. magnetic-field distribution in the vortex state of
In a simple model) andr, do not depend strongly on LuNi,B,C [T,=16 K, H(0)=7 T],'®* a nonmagnetic

magnetic field or temperature deep in the superconductingmember of the borocarbide family of superconductors.
state T<T, andH<H,,), where there are few excitations. Unlike NbSe and YBgCuzOg., 4, LUNi,B,C has nearly iso-
Surprisingly however, botih andr, extracted from muon tropic electronic propertie®. Data in the field range
spin rotation wSR) data often vary substantially with tem- 0.4 T=H=<1.6 T are fitted in the time domain to a nonlocal
perature and field in this region of the phase diagram, indiLondon model for the magnetic-field distribution, assuming
cating that a more detailed theory is required. For examplea square vortex lattict:*® We observe a strong field depen-
vortices can support localized bound states in the supercomence of the core radius, similar to that seen in quasi-two-
ducting energy gap with an energy spacing on the order oflimensional (2D) superconductors. Furthermore, the
A2%/Eg ,* whereA is the superconducting gap afig is the  Kramer-Pesch effect in LublB,C is almost identical to that
Fermi energy. According to the predicted Kramer-Peschof NbSe.

effect>~* thermal depopulation of such states causgso Muon spin rotation experiments on Lu#,C were per-
decrease with temperature untij~21/kg in the quantum formed on the M20 surface muon channel at TRIUMF using
limit, where kgT falls below the lowest bound-state energy. a conventional horizontal He-cooled cryostat. As described
Such vortex shrinking was recently observed in NpBe  elsewheré? the implanted spin-polarized muons stop ran-
although the effect was weaker than expected. In additiongomly on the length scale of the vortex lattice and precess at
experiments on NbSe(Ref. 7 and YB3 Cu;Oq., (Refs. 6  a rate proportional to the local magnetic field. The muon
and § showed that the vortex core radius expands in lowensemble-averaged precession signal is thus a direct measure
magnetic fieldsH ; <H<H,. Supporting evidence for this of the distributionn(B) of local internal magnetic fields.
effect comes from Scanning tunneling microscop$TM) High statistics runs were made with approximately 20
and heat-capacity measureméhis NbSe, and can be ex- x10° muon decay events. The sample was a single crystal
plained by the transfer of quasiparticles between vorticesyith a 2-cnf surface area, grown from a pB flux and
which increases with decreasing vortex lattice spating. polycrystalline LuNjB,C mixture®2°

However, the lower dimensionality in these materials Figure 1 shows the time evolution of the muon polariza-
implies that the vortices may wobble in low magnetic fields,tion measured in LUNB,C in a magnetic field of 1.2 T
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FIG. 1. The time dependence of the real and imaginary parts of : : ‘ :
the muon polarization signd(t) = P,(t) +iP(t) in LuNi,;B,C in —-20 o 20 46
an applied field oH=1.2 T at a temperatur€=2.6 K. The sig- B-B (mT)

nal is displayed in a reference frame which rotates near the average

Larmor frequency. FIG. 2. Real amplitude of Fourier transforms of the measured

polarization signal aT=10 and 2.6 K. The dashed line represents
zero amplitude, while the solid horizontal lines indicate the size of

applied along the axis. The rapid decay of the signal arises
bp g b Y 9 the ringing caused by transforming over a finite-time window.

from the broad distribution of internal magnetic fields char-

acteristic of the vortex state. The solid curves are a fit to 3ue to the vortex lattice. For example, we fing=1.1 mT

nonlocal London model developed for borocarbides to ex—[:Or the spectrum taken at 2.6 K. Near the average id

ig. 2 is a small background peak, due to the small fraction
" ) . . ) ~5%) of muons which miss the sample. The shape of
smqn oceurs in the region of O._l 12—;1 but shifts to higher mag'E](B), ;s apparent from Fig. 2, evolves considerably with
netic fields in Co doped ma_lterlzaq'. temperature. In particular the high-field tail is much more
For H parallel to thec axis, the nonlocal London model hronounced at 2.6 K, indicating that there is a significant
predicts a spatial dependence of the internal magnetic fiel@ramer-Pesch effect, as reflected by the decrease in the vor-

plain the magnetic-field-induced transition from a hexagona
to a square vortex lattic:??2In pure LuN,B,C the tran-

B(r) given by tex core radius.
— - Figure 3 shows the temperature dependence of the fitted
B(r)=> Bexplik-r)exp(—k°¢°/2) (1) Parameters and the extracted vortex core radius. The core

radius[Fig. 3(a)] clearly decreases with temperature below
- 0.6T.. This is attributed to the Kramer-Pesch effect, where
whereB is the average magnetic field,and¢ are the effec- the shrinking of the cores is due to the depopulation of bound
tive in-plane penetration depth and coherence length, respecere states. STM measurements on LIBYC did not find
tively, and thek’s are the reciprocal-lattice vectors of a evidence of bound core states, but this may be due to thermal
square vortex lattice. The quartic and biquadratic termis in broadening and the relatively small mean free Fatfihe
are nonlocal corrections which scale with the fit param€ter solid line in Fig. 3a) is a fit of the LUNyB,C data, shown as
The quality of the fits was similar to that obtained for solid circles, to the linear relationy(T)=ry(0)(1+ (T
quasi-2D superconductors where a triangular vortex lattice is-Ty)/T.) for T>T,, with «=0.84(5) andT,=1.0(4) K.
formed? Typically x2~800 for about 550 degrees of free- In the fit ro(0) is set to 64 A, since we expect a
dom. We calculate the supercurrent densify) from the temperature-independent core radius in the quantum Timit
fitted field profileB(r), and extract the core radiug, de-  <T,, similar to that seen in Nb$€ For comparison, open
fined as the distance from the core center to the point in theircles depict the previous data on NhS&he slopes are
nearest-neighbor core direction at whibfr) is maximum™  almost identical, confirming that bound quasiparticle states
Core radii determined in this way are independent of theplay a similar role in the nearly isotropic LupB,C and
choice of model forB(r), provided that the model fits the quasi-2D NbSg The magnitude of the observed Kramer-
data well. It should be noted that changes to the model oftePesch effect is less than predicted by thedriésupposing
produce a small shift in the absolute valueXfbut have static isolated vortices, which do not take into account zero
much less influence on its temperature and fieldpoint motion or interactions between vorticés.
dependencé Figure 3b) shows the temperature dependence of the ef-
Figure 2 displays the real amplitudes of the Fourier transfective magnetic penetration depth. The curve is a fit to the
form of the measured polarization signal at two differentBCS form with a single free parameta0)=949(8) A.
temperatures in an applied magnetic fieldbf1.2 T. Such  Although the data are are not sufficiently accurate to distin-
a transform approximates the internal magnetic field distriguish this form from a small linear term, the temperature
bution n(B) for an ideal vortex lattice, but is broadened by dependence for LuNB,C is definitely much weaker than
the finite-time window, flux lattice disorder, and random that observetf in YBa,Cu;Og 5, Which has line nodes. Re-
nuclear dipolar field$? Fits to the data in the time domain cent transport measuremehitsat very low temperatures
indicate that the latter two effects contribute a Gaussiarf70 mK) showed that the electronic thermal conductivity
broadening widtho which is much smaller than the width has a strong field dependence attributed to delocalized qua-

K 1+A%k?+A\*C(0.070%*+0.675Zk?) '
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FIG. 3. Temperature dependence of the parameters used to fit FIG. 4. The magnetic-field dependence (ef the vortex core
the magnetic-field distribution in LubB,C in an applied magnetic radius, (b) the effective magnetic penetration depth, gl the
field H=1.2 T. The solid circles ir(a) are the current measure- Nonlocal paramete€ in LuNi;B,C at T=2.5 K. The parameters
ments of the vortex core radius, whereas the open circles are daf¥f'® obtamed from fits to a noqlocal London modsge the tejt
for NbSe from Miller et al. (Ref. 5 Panel(b) shows the effective !N (b) the field dependence of is much stronger for LUNB,C
magnetic penetration depth, while the curve is a fit to the BCs (Solid circleg than for NbSg (open circles The Zdashed i‘nd
form. Panel(c) displays the nonlocal paramet€r appearing in ~ Solid curves in(c) are fits assuming varies as * and 1A°,
Eq. (1). respectively.

siparticles arising from a highly anisotropic gap function, For comparison, the dashed line and open circles are for
possibly with nodes. The present result suggests that sudiibSe. The slope of\ (H) for LuNi,B,C is about twice that
excitations are not a strong function of temperature belowior NbSe (8=1.6),” and four times that reported recently
about 0.5T, although we also find evidence of substantialfor YNi,B,C (8=0.97)28 This strong field dependence ap-
field-induced excitationssee below: Figure 3c) shows that pears in our effectiva even though the model includes first-
the nonlocal terms, as measured@yare weak functions of order nonlocal corrections. This suggests that there are a sig-
temperature. nificant number of field induced quasiparticles, which is
As shown in Fig. 4, the parameterg, \, andC all vary  consistent with the strong-field dependence seen in the low-
considerably with magnetic field. For example, the core ratemperature thermal conductivity,as well as theoretical
diusr, in Fig. 4(a) increases at lower magnetic fields. This is work?® arguing that LuNiB,C is a nodal superconductor. It
similar to what is seen in the quasi-2D superconductorss also possible that some of the field dependence we observe
NbSe,” YBa,CuyOgg0,° and YBaCusOgos.2® Although s due to the reduced accuracy of the London model in large
vortices may not be well connected from plane to plane irmagnetic fields.
quasi-2D materials, such a “vortex wobble” seems unlikely = The magnetic field dependence of the nonlocal parameter
to influence the value af, in nearly isotropic materials such C [see Fig. 4c)] is stronger than the theoretical predictibn
as LuNiB,C. Also, recent thermodynamic measurements orthat C varies as I?(H). If one takes our measured H)
LuNi,B,C showed that the Sommerfeld constantaries as from Fig. 4b), one would expect that would fall off ac-
HO6326 which is close to the predicted behavior for vortex cording to the dashed curve in Figict AssumingC varies
expansion ins-wave superconductofS. as 1h%(H) (solid curve however, fits better empirically. The
Figure 4b) shows that the penetration depth in LyBjC  value for C extrapolated to the low field region is about a
increases with applied field. This is similar to NhSe factor of 2 smaller than the estimate of 0.22 used to explain
YBa,CusOg o5, 12 and YBaCu;Og ¢0,° Where the increase is the vortex phase diagram at low fieffsOur smallerC cor-
attributed to nonlinear and nonlocal effects. The field depenresponds to weaker nonlocal effects and, therefore, a higher
dence of\ is expected to be larger in superconductors wherdransition fieldH,(T) between the triangular and square vor-
the gap function has nodes or is very anisotrdfiithe solid  tex lattices. Indeed, a larger transition figig(T) than that
line in Fig. 4b) is a fit to the linear functional form\ calculated for C=0.22 is observed through decoration
=No(1+ BH/H.,), wherex,=590(20) A andg=3.8(5). images® and small-angle neutron scatteritg.
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In conclusion, we repor SR measurements of the mag- of an energy gap at the Fermi surfagealso shows a strong
netic field distribution in the isotropic superconductor linear magnetic field dependence, which suggests a substan-
LuNi,B,C. A clear Kramer-Pesch effect is observed, due taial number of field induced quasiparticles.
thermal depopulation of bound quasiparticle states within the We gratefully acknowledge the help of Mel Good, Bas-
vortex cores. As with NbSethe effect is less than expected sam Hitti, Don Arseneau, and Syd Kreitzman, and the tech-
from theory for an isolated vortex. Additionally, the vortex nical staff at TRIUMF. Ames Laboratory is operated for the
core radius expands at low magnetic fields, as in som&.S. D.O.E. by lowa State University under Contract No.
guasi-2D superconductors. Although the magnetic penetra//-7405-Eng-82. This work was supported by the Director
tion depth\ shows a weak temperature dependence typicalor Energy Research, Office of Basic Energy Sciences.
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