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Equilibrium basal-plane magnetization of superconductive YNi2B2C:
The influence of nonlocal electrodynamics
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For a single crystal of YNi2B2C superconductor, the equilibrium magnetizationM in the square basal plane
has been studied experimentally as a function of temperature and magnetic field. While the magnetization
M (H) deviates from conventional London predictions, a recent extension of London theory~to include effects
of nonlocal electrodynamics! describes the experiments accurately. The resulting superconductive parameters
are well behaved. These results are compared with corresponding findings for the case withM perpendicular to
the basal plane.
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I. INTRODUCTION

Borocarbide superconductors continue to reveal inter
ing features.1 This family of compounds,RNi2B2C, exhibits
superconductivity forR5Lu, Y, Tm, Er, Ho, and Dy. The
last four of these order antiferromagnetically below the N´el
temperatureTN , that ranges from 1.5 to 10 K. The relative
high superconducting transition temperatureTc and the
broad variation of the ratioTN /Tc within the family make
these materials particularly appropriate to explore the mic
scopic coexistence of superconductivity and localized m
netic moments.2–6

A second remarkable feature in these compounds is
formation of superconducting vortex lattices@FLL’s# with
symmetries other than the hexagonal one.2,7–9 The presence
of these nonhexagonal lattices has been attributed to th
fects of nonlocal electrodynamics, which arise when
electronic mean free pathl is larger than the BCS zero tem
perature superconducting coherence lengthj0. Nonlocal
electrodynamics in superconductors were traditionally as
ciated with very low values of the Ginzburg Landau para
eter, k;1. Borocarbide superconductors havek values in
the range of 10–20. However, the availability of very cle
single crystals with largel permits the observation of nonlo
cal effects in these intermediatek materials.

Nonlocality influences the equilibrium magnetic respon
of the vortex lattice in various ways. Songet al.10 showed
that, when the applied fieldH is parallel to the crystallo-
graphicc axis of a YNi2B2C crystal, the reversible magnet
zation in the mixed state deviates from the logarithmic
pendence on magnetic field,M} ln(Hc2 /H), which is
expected from the standard London model.11 Such deviations
could be quantitatively accounted for within the framewo
of a nonlocal generalization of London theory, as develop
by Kogan and Gurevich.12

More recently, we measured13 M of this compound forH
lying within the basal plane, and found that it oscillates w
angular periodicityp/2, a behavior that is incompatible wit
0163-1829/2001/64~2!/024510~7!/$20.00 64 0245
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the standard London model. Indeed, the familiar superc
ductive mass anisotropy with componentsmi j , which plays
a major role in the layered high-Tc materials, is a second
rank tensor. Thus, in the squareab basal plane of this tetrag
onal compound, one hasmaa5mbb , which immediately im-
plies that the response within the plane should be isotro
In contrast, Kogan’s nonlocal scenario12 contains a fourth
rank tensor that breaks the basal plane isotropy and prov
for the observed fourfold anisotropy.

In this paper we expand the analysis of the reversi
magnetization of the vortex system in YNi2B2C by present-
ing detailed measurements ofM (H,T) for H in the basal
plane of the crystal. Within the framework of the Koga
Gurevich model,12 we obtain explicit expressions for th
magnetization in theab plane by expanding the free energ
appropriate for this configuration14 to first order in the basal-
plane anisotropy. This approximation provides an excell
description of the experimental results and, furthermore,
resulting parameters for the superconductor are well beha
and exhibit a remarkable consistency with results from ba
structure calculations. These aggregate findings give un
peachable evidence for a profound impact of nonlo
electrodynamics on clean, intermediatek borocarbide super-
conductors.

II. THEORETICAL BACKGROUND

Standard local London anisotropic theory provides
simple logarithmic field dependence for the equilibriu
magnetization. For intermediate fieldsHc1!H!Hc2, one
has11 ~for H parallel to thekth principal axis!

Mk

M0
k

52 lnS hHc2
k

B D , M0
k5

F0

32p2l il j

~1!

Here h is a constant of order unity;l i is the London
penetration depth corresponding to screening by current
the j direction, withHik axis; Hc2

k 5F0/2pj ij j is the upper
©2001 The American Physical Society10-1
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critical field in thek direction, withj being the Ginzburg-
Landau coherence length at temperatureT. Experimentally,
we will make the usual approximation that the flux dens
B5H14pM can be replaced by the applied fieldH, since
the magnetizationM!H in all cases treated here.

In the Kogan-Gurevich nonlocal formulation of Londo
theory,12 there is a third independent length scale, the non
cality radiusr, which depends onl and T and also reflects
the material anisotropy. It has the formr5lAn, wherel
5(lalblc)

1/3, and n is the appropriate component of th
forth rank tensorn̂, given by

l2ni j lm}g~T,l !^v iv jv lvm&/^v2&2. ~2!

Herev is the Fermi velocity, and̂•••& indicates average
over the Fermi surface. The functiong(T,l ), that contains all
the temperature and mean free path dependencies, was e
ated by Kogan and co-workers.12,15

When nonlocality is important, the scaleHc2;F0 /j2 for
M is replaced by another magnetic-field scale,H0;F0 /r2.
As g(T,l ) slowly decreases with increasingT, so doesr, and
consequentlyH0 slowly increases with temperature, in co
trast toHc2. One consequence of the theory is that the qu
tity gH0;1/j0

2 should be independent of temperature, wh
is a prediction that we test later.

In a tetragonal materialn̂ has four independent compo
nents:n15naaaa, n25naabb, n35ncccc andn45naacc. For
Hic axis, the resulting expression forMc(H,T) is12

Mc

M0
c

52 lnS H0
c

B
11D 2

H0
c

~H0
c1B!

1zc, ~3!

where M0
c5F0/32p2lab

2 , H0
c5F0/4p2l2n2 ~for a square

FLL!, andzc(T)5h12 ln(H0
c/h2Hc2

c 11), with bothh1 and
h2 constants of order unity.

If H lies in theab plane, the analysis is more complex.
a previous study,13 we described the basal plane anisotro
in M by assuming the validity of an expression analogous
Eq. ~3! and proposing a fourfold oscillation inH0. The em-
pirical expression thus obtained successfully captured the
sic features of the in-plane magnetic response, but the
between the amplitude of the oscillations and the more f
damental material parameters was undefined.

According to a subsequent generalization of the form
ism, developed14 for the case ofH in the ab plane, the free
energy is approximately given by

F5M0
abBE

u1

u2 du

A~u1n4!@u1n41d~w!/4#
. ~4!

Here M0
ab5F0/32p2lablc , u15(4p2k2)21 and u2

52pu1(Hc2 /B). ~Within this approximation, the very sma
anisotropy16 in Hc2 can be ignored.! Equation ~4! holds
wheneveru!1, so that terms of orderu2 can be neglected
For YNi2B2C we have k;10, thus u1;2.531024 and
u2;1.631023Hc2 /B. In our analysis of the basal-plan
magnetization, (Hc2 /B)<40 in all cases~see Sec. IV!; thus
u2<0.05, and the approximation is valid.
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The in-plane anisotropy is accounted for byd(w),

d5n3G21
n1

G2
26n42

n123n2

2G2
sin2~2w! ~5!

whereG25mc /ma is the usual mass anisotropy between t
a andc axes, andw is the angle between the vortices and t
a-axis. If d50 the in-plane response would be isotropic, a
integration of Eq.~4! would result in a magnetizationM5
2]F/]B identical to Eq.~3!. However, fordÞ0 the in-plane
magnetization cannot in general be reduced14 to the form of
Eq. ~3!.

The integrand of Eq.~4! can be expanded in powers of th
variable d(w)/4(u1n4), and integrated term by term. Th
resulting series can be differentiated with respect toB to
obtainMab. The leading termMiso

ab is independent ofd, and
represents a large contribution to the magnetization tha
isotropic within the plane,

Miso
ab

M0
ab

52 lnS H0
ab

B
11D 2

H0
ab

~H0
ab1B!

1zab, ~6!

whereH0
ab5F0/4p2l2n4 ~Also in this case, the numerica

factors are valid for a square FLL.! The termzab arises from
the core contribution to the free energy@not included in
Equation~ 4!#; it is analogous tozc in both form and origin,
as described previously.12,14 Eq. ~6! has the same functiona
form as Eq.~3!, but the anisotropy between thec axis and the
plane is reflected in both the prefactorM0 and the field scale
H0. The second term in the expansion,M1

ab , is linear in
d(w), and accounts for the in-plane fourfold anisotropy
Mab to leading order:

M1
ab

M0
ab

52
d

8n4

B

B1H0
abF H0

ab

H0
ab1B

2

Hc2

B
21

S Hc2

H0
ab

11D G . ~7!

In the above scenarioHc2 tends toward zero asT→Tc ,
while H0 increases with temperature. These differing te
perature dependencies mean that for clean materials, the
local expressions@Eqs.~3! and ~6!# reduce to the local form
@Eq. ~1!#, asT approachesTc , while M1

ab from Eq. ~7! van-
ishes. Thus the nonlocal theory predicts that the equilibri
magnetization in a clean sample should vary logarithmica
with field nearTc , but should deviate progressively from
logarithmic behavior at low temperatures. Furthermore,
materials become dirtier so thatr becomes shorter andH0
increases, the nonlocal expressions reduce to the local f
at all temperatures.

Our purpose is to analyze the in-plane magnetization
ing Eqs. 6 and 7. We thus need to estimate the importanc
the various terms in the expansion. According to elect
band calculations,17 for YNi2B2C we have
0-2
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EQUILIBRIUM BASAL-PLANE MAGNETIZATION O F . . . PHYSICAL REVIEW B 64 024510
^v2&51.5031015 ~cm/sec!2,

^va
2&50.8731015 ~cm/sec!2,

^vc
2&50.8531015 ~cm/sec!2,

^va
4&51.1531030 ~cm/sec!4, ~8!

^va
2vb

2&51.7531029 ~cm/sec!4,

^vc
4&57.7131029 ~cm/sec!4,

^va
2vc

2&52.4131029 ~cm/sec!4.

Based on those values we can calculate the relations
tween all the components ofn̂ using Eq.~2!. In Sec. IV we
will compare these band calculation estimates with our
perimental results. In particular, we are interested in the
mensionless prefactord/8n4, that sets the order of magnitud
in Eq. ~7!. It is also useful to splitd into in two parts:d
5d11d2 sin2(2w). Using Eq.~5!, we obtain

d1

8n4
'0.23,

d2

8n4
'20.13. ~9!

In Sec. IV we will make use of these estimates to gain
idea of the goodness of our approximations. For comparis
we can calculate the equivalent values for the similar ma
rial LuNi2B2C, using the Fermi-surface averages giv
previously.18 The results ared1/8n4'0.42 and d2/8n4'
20.20. The larger values for the Lu-based system mean
the first-order expansion in Eqs.~6! and~7! is more accurate
for the yttrium-based compound, while the amplitude of o
cillation in the basal plane magnetization can be larger
LuNi2B2C.

III. EXPERIMENTAL ASPECTS

The YNi2B2C single crystal was grown by a high
temperature flux method using Ni2B flux, using isotopic11B
to reduce neutron absorption in complementary scatte
studies. The 17-mg crystal is the same as that used in p
ous investigations by Songet al.10 and Civaleet al.13 It is a
slab of thicknesst;0.5 mm in thec-axis direction, with a
mosaic spread of less than 0.2°, as determined by neu
diffraction. In the basal plane the shape is approximat
elliptical with principal axes of length;2.0 and 2.5 mm,
which approximately coincide with the two equivalent^110&
axes of the tetragonal structure.

Magnetic studies were conducted in a superconduc
quantum interference device-based magnetometer~Quantum
Design MPMS-7! equipped with a compensated 70-kO
magnet. Normally, scan lengths of 3 cm were used. T
crystal was glued onto a thin Si-disk and mounted in a My
tube for measurement with the magnetic fieldH applied in
the basal plane, along either the@100# or @110# axis, with an
accuracy better than 3°. For both orientations, the magn
zationM is parallel toH by symmetry; thus only the longi
tudinal component measured by the magnetometer need
02451
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be considered. This is also true withHi@001#, as was the
case for the previous data that will be included in our ana
sis. Then from now on we will ignore the vector nature ofM
and denote it simply asM. The diamagnetic moment of th
addenda~silicon disk plus glue!, which was measured sepa
rately, was linear inH, isotropic, and nonhysteretic. Thi
signal, mSi5(25.431029 emu/Oe)H, was always small
compared with the moment of the crystal, and was subtrac
from all the data prior to any further analysis.

In the mixed state, hysteresis loopsM (H,T) were mea-
sured. The maximumH was 65 kOe in all cases. Measur
ments were also conducted in the normal state at temp
tures up to 300 K, in order to correct for the normal sta
background moment. It is worth noting that the magneti
tion is small, compared to the applied field, in all cases c
sidered here. Thus demagnetizing effects are negligible:
Hi ab plane, we obtain from the Meissner state respons13

that the effective demagnetization factorD'0.1. Then in the
mixed state, the effective fieldHe f f5Happlied24pDM dif-
fers from the applied field by less than 1% is the worst ca
and we need to consider only the magnetizing fieldH. Fur-
thermore, for comparison with theoretical expressions,
can approximate the flux densityB5H14pM by H with an
accuracy of a few percent and generally better.

The superconductive transition temperature, measure
a small applied field, wasTc514.5 K. Measurement of the
electrical resistivity using a van der Pauw method gave
electrical resistivity of 4 mV cm at 20 K and a residual re
sistance ratio of 10, yielding an electronic mean free patl
'300 Å. Using this and values ofHc2 ~for H ic axis!, Song
et al. deduced the valuesj05120 Å for the BCS coherence
length atT50 andk;10. Other superconducting param
eters for this compound are collected in Table I.

IV. RESULTS AND DISCUSSION

For magnetic-field orientationsHi@100# andHi@110#, we
measured isothermal magnetization loopsM (H) at tempera-
turesT53 –14 K, in 1-K intervals, and also at 18 K, slightl
aboveTc . Three of those loops, withHi@110#, are shown in
Fig. 1, at temperaturesT55, 12, and 18 K, i.e., well below
near, and just aboveTc . The magnetic response of this m
terial in the superconducting mixed phase is slightly irreve
ible, reflecting a weak pinning of flux lines. Now, as the on
source of magnetic hysteresis is vortex pinning,M (H) be-
comes reversible forH.Hc2(T). Based on Bean’s critica
state model, we calculated the equilibrium magnetization
the averageMeq(H)5@M ↑1M ↓#/2 of the magnetization
values measured in the field-increasing and field-decrea
branches of the loop, respectively. The result forT55 K is

TABLE I. Superconducting parameters.

l5950 Å G51.1360.02
lab5990 Å lc5880 Å
rab531.4 Å rc534.4 Å
n156.9531023 n251.0431023

n35— n451.2531023
0-3
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J. R. THOMPSONet al. PHYSICAL REVIEW B 64 024510
shown as a dashed line in Fig. 1. The identification
Meq(H) with the average between the branches of the lo
increases in accuracy as the width of the hysteresis l
@M ↑2M ↓# decreases. For each temperature, we disreg
the low-field data, where large hysteresis introduces a
nificant uncertainty in the determination ofMeq . Experimen-
tally, as the field decreases, the width of theM (H) loop
increases continuously and smoothly. Then at so
temperature-dependent low field,M changes abruptly as i
reaches a minimum and starts to increase. This featur
visible in Fig. 1 forT55 and 12 K, for example. Below thi
field, the hysteresis grows suddenly. We compute the a
age magnetization starting at a field slightly above t
minimum.

It is apparent in Fig. 1 that the magnetizationMeq does
not vanish aboveHc2 and aboveTc . This indicates the pres
ence of a normal-state contributionMns(H,T) to the magne-
tization ~recalling that the signal from the sample holder h
been already subtracted!. Pure YNi2B2C has no localized
moments; thus in the normal state it is expected to exhib
linear and nominally temperature-independent paramagn
~Pauli and Van Vleck! susceptibilityx0. However, close in-
spection of the data indicates that this intrinsic term can
account for the entire normal-state signal. Indeed,Mns(H,T)
is not linear inH, and it grows asT decreases, thus pointin
to the presence of localized moments. The small magnit
of the signal suggests, on the other hand, that this contr
tion arises from magnetic impurities. To confirm this, w
measured the temperature dependence ofMns(H,T) from 16
to 300 K at several fixed fields. The results forH51 and 5
kOe are shown in the inset of Fig. 1. As the localized m
ments are very dilute, no magnetically ordered phase sh
appear, and one can expect a Curie law dependence.
solid lines in the inset are fits toMns /H5@x01C/T#. The
Curie term corresponds to a rare-earth impurity conten
;0.1 at. % relative to yttrium, most likely contaminants
the yttrium starting material.

FIG. 1. The magnetization of single-crystal YNi2B2C at three
temperatures, with the magnetic field in the basal plane,Hi @110#
axis. The figure illustrates the limited irreversibility in the supe
conductive state belowTc514.5 K, and a paramagnetic backgrou
in the normal-state. Inset: Curie analysis of the normal-state sus
tibility in the temperature rangeT518–300 K.
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To isolate the magnetization associated with the vor
state, it is necessary to remove the paramagnetic backgro
The normal-state magnetizationMns is well described by the
expression

Mns5x0H1MsatBJS gmBJH

kBT D , ~10!

wherex0 is the temperature independent susceptibility o
tained as explained above andBJ is the Brillouin function for
effective angular momentumJ. For small values of the argu
mentH/T, the Brillouin function leads to the Curie susce
tibility, of course.

The magnetic signal arising from the localized mome
is clearly observed in Fig. 2, where@Meq2x0H# is plotted
as a function ofH/T. The figure includes experimental da
from temperature sweeps at three values ofH, and from iso-
thermal loops at temperatures down to 5 K. At eachT, the
onset of the superconducting signal belowHc2(T) is clearly
observed in the nearly vertical trace of data below the en
lope curve. It is also apparent that forH.Hc2(T) all the data
at different T overlap on a single curve arising from th
paramagnetic contribution of the magnetic impurities. T
solid line is a nonlinear fit to Eq.~10! that yields paramete
valuesJ53/2 andg56. The saturation magnetizationMsat
50.92 G corresponds to;731024 per formula unit content
of rare-earth impurities, most likely trace contaminants in
yttrium starting material. At this concentration, the magne
impurity ions are isolated, but strongly influenced by t
crystal field of the host, producing an anisotropic magne
response in the normal state. The susceptibility is smaller
Hic axis, as found forRNi2B2C crystals withR5Tb, Dy,
and Ho, but not Tm.20 These qualitative similarities show
that ~a mixture of! any of several rare-earth impurities ca
generate the observed paramagnetic response. The ce
and important point here, however, is that the empirical fit

p-

FIG. 2. Total equilibrium magnetizationMeq minus x0H ~see
the text! vs H/T obtained from isothermal field sweeps at severaT
and from temperature sweeps at three values ofH, as indicated in
the figure. The solid line is a Brillouin function@Eq. ~10!# fitted to
the paramagnetic impurity-background data. The nearly vert
traces of the data show the entry into the superconductive stat
0-4
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Eq. ~10! provides a precise description of the normal-st
signal, so that the superconductive magnetization can be
lated for analysis.

The resulting ~background-corrected! superconducting
state equilibrium magnetizationM5Meq2Mns is shown in
Fig. 3, as a function of magnetic fieldH applied along the
@110# axis of the crystal. Results are shown for temperatu
3 K<T<14 K in intervals of 1 K. Qualitatively, the curve
for temperatures nearTc are linear, showing the dependen
on ln(B) as predicted by traditional local London theory. A
lower temperatures, however, the increasing curvature
ibly signals a progressive departure from local London
havior.

For a quantitative analysis, we fit the low-temperatu
data to the nonlocal relation@Eq. ~6!#, varying the parameter
M0

ab , H0
ab , andzab. These fits describe the low-temperatu

experiments very well, as shown by the solid lines in Fig.
The resulting values ofM0

ab , H0
ab , andzab as a function of

T ~up to T510 K! are shown in Figs. 4~a!, 4~b!, and 4~c!,
respectively. At higher temperatures,T>11 K, the system
closely approximates local London behavior, withM
} ln(B), and we analyze these data using the local expres
@Eq. ~1!#. Numerically, the data close toTc have a very shal-
low minimum as a function ofH0, and it becomes meaning
less to fit an~essentially! straight line with three parameter
The fits to the local London relation are shown in Fig. 3
dashed lines, and the values ofM0(T) obtained by this pro-
cedure are also included in Fig. 4~a! ~open symbols!. In the
nonlocal analysis,Hc2 was not a fitting parameter. It wa
determined independently, as explained below.

Before we discuss the results shown in Fig. 4, we m
analyze the error involved in takingMab'Miso

ab , disregard-
ing terms of higher order. To estimate the contributionM1

ab

FIG. 3. The equilibrium magnetizationMeq in the superconduc-
tive state with anHi @110# axis, plotted vsH ~logarithmic axis!.
Discrete symbols are data measured at temperatures of 14, 13
. . . , 3 K; straight~dashed! lines show conventional, local Londo
behavior nearTc . A nonlocal generalization of London theory@Eq.
~6!, solid lines# accounts well for the pronounced deviations fro
local behavior at lower temperatures.
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given by Eq.~7!, we must rely on the numerical values@Eq.
~9!# obtained from band calculations. We see that, if at le
the signsin Eq. ~9! are correct,M1

ab minimizes forw545°.
For that reason we chose to apply Eq.~6! to the @110# data
and not to the@100# orientation. Numerically, we have
d(w545°)/8n45(d11d2)/8n4'0.10. Thus Eqs.~6! and~7!
indicate thatM1

ab!Miso
ab over most of the field range~for

instance, atT53 K andB52 kG, M1
ab/Miso

ab ;0.02, and the
same ratio is obtained for 6 K and 10 kG!. We can also
compare the logarithmic field derivatives ofM, which give
the slopes in Fig. 3. ForB!H0, to leading order we obtain
]Miso

ab /] ln B'M0
ab and ]M1

ab/] ln B'0.10(2B/H0)M0
ab ,

thus for B52 kG the error in the slope produced by disr
garding the second term in the expansion is less than 0.

The above estimates indicate that by using Eq.~6! to ana-
lyze the magnetization in the@110# direction, we are intro-
ducing an error in the determination ofM0

ab and H0
ab of at

most a few percent, which is less than the experimental n
observed in Figs. 4~a! and 4~b!. Thus, it is meaningful to
discuss the results shown in Fig. 4. For comparison,
corresponding results for the case10 with Hi@001# are
included, too.

Figure 4~a! shows thatM0 varies linearly withT nearTc
and extrapolates to zero atTc , consistent with Ginzburg-
Landau theory. From Eq.~1!, the ratio M0

c/M0
ab5lc /lab

5A(mc /mab)5G. As expected, we find that this ratio i
rather independent of temperature,G51.1360.02. This re-
sult is very comparable with the experimental value of 1.
for LuNi2B2C obtained by Metlushkoet al.19 This experi-
mental value can also be compared with the band-struc
calculation, sinceG5A(^va

2&/^vc
2&). The resulting value,

1.01, is much smaller than that deduced experimentally.

12,

FIG. 4. Superconductive parameters of YNi2B2C with magnetic
field Hi@001# or Hi@110#. ~a! The magnitude of the equilibrium
magnetizationM0, where solid symbols denote results from th
nonlocal analysis, and open symbols come from a conventio
London analysis.~b! The field scaleH0 and the~theoretically con-
stant! quantity H0g ~whereg5 impurity parameter; see the text!.
~c! The fitting parameterz. ~d! Estimates of the upper critica
field Hc2.
0-5
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turning to the experimentally determined parameters, we
also calculatelc(T), lab(T), and l(T). The results atT
53K are shown in Table I.

The next frame@Fig. 4~b!# showsH0(T). Qualitatively,
H0 for both orientations is constant at low temperature, th
increases asT increases, consistent with the theoretically p
dicted behavior.12,15 In Sec. II above, we noted that the no
local theory predicts that the quantityH0g should be inde-
pendent of temperature. Previously,10 we found thatj0512
nm; this value agrees within experimental error w
that calculated from the BCS expressionj0

5\^vF&/(p2e2gkBTc) 5 11.6 nm, usinĝ vF&53.873107

cm/sec from the band structure,17 with eg'1.78. Also, from
the electrical resistivity, we have thatl'30 nm for this crys-
tal, and we therefore evaluate the impurity parameterg(T)
with j0 / l 50.3. The results forH0g are shown as open sym
bols in Fig. 4~b!, for the two orientations of magnetic field
The constancy of the product provides further solid evide
that nonlocal electrodynamics strongly modify the superc
ductive properties of clean borocarbides. From theH0 data
we can extract the nonlocality radius in both orientatio
rab(T)5(F0/4p2H0

c)1/2 ~see Songet al.10!, and an analo-
gous expression forrc(T). We can also calculate two of th
four independent components of the tensorn̂, namely,n2
5(rab /l)2 and n45(rc /l)2. All the numerical values for
T53K are listed in Table I.

Figure 4~c! shows the temperature dependence of the
ting parameterz . Qualitatively, the data reflect the fact th
z;2 ln(H0 /Hc2). As T increases,H0 /Hc2 varies little at low
temperatures, but then becomes larger, due to the diffe
dependencies ofH0(T); andHc2(T), thusz(T) decreases.

The last frame@Fig. 4~d!#, showsHc2(T) in both orienta-
tions, obtained~a! by extrapolating the isothermal magne
zation in the superconductive state toM50, and~b! by lo-
cating the field at which the magnetic hysteresis disappe
These results were introduced as fixed parameters in Eq~6!,
as already mentioned. It is evident thatHc2(T) curves up-
ward nearTc . This differs from simple Ginzburg-Landa
behavior, but is consistent with other observations on
material.21,22 Also, little anisotropy is evident between thec
axis and the basal plane values. The mass anisotropy
tained from theM0 data@Fig. 4~a!# would imply an experi-
mentally resolvable difference inHc2. Previously, Johnson
Halperin et al.16 also found a nearly isotropic response
single crystal YNi2B2C. The reason for the discrepancy b
tween the anisotropy derived fromM0 andHc2 remains un-
clear. Interestingly, LuNi2B2C, an isostructural, nonmagnet
borocarbide superconductor with similarTc , exhibits greater
anisotropy inHc2, both from thec axis and within the basa
plane.19

Next we consider the anisotropy of the magnetizat
within the basal plane. We have previously shown13 that this
quantity exhibits a fourfold periodicity, which cannot be a
counted for within the local London theory. In Fig. 5 w
show the amplitude of the oscillation in basal-plane mag
tization, dM5M @110#2M @100#, as a function of fieldH.
The experimental data forT57 K are reproduced from
Civale et al.13, where details of the experimental procedu
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and data analysis are provided. Here we analyze these
using Eq.~7!, where only the second term, proportional
d2, contributes to the oscillatory behavior. In this expressi
we have already values forHc2 andH0

ab , so there is a single
unknownd2/8n4 available for fitting the data. The result i
shown as a solid line in Fig. 5. The value of the sole fitti
parameter isd2/8n4520.136, which we discuss below.

Let us now summarize the experimentally determined
rameters related to the material anisotropy. Theoretica
five independent parameters (n1 ,n2 ,n3 ,n4, andG) are nec-
essary to describe fully the angularly dependencies. Exp
mentally we have obtained three of these quantities,n2 , n4
andG, plus the combinationd2/8n4 that allows us to obtain
the value forn1 using Eq.~5!. Thus we have obtained fou
out of the five independent parameters, as shown in Tab
For comparison with band structure calculations and
eliminate poorly known prefactors, it is convenient to co
sider ratios relative ton4, as shown in Table II. The experi
mental and calculated ratios agree within;15%, which is
quite reasonable given the approximations. Finally we c
sider the sole fitting parameterd2/8n4;20.14 that deter-
mines the amplitude of the oscillations ofM in the basal
plane. This quantity has the correct sign, and it lies in
markable numerical agreement with the band-structure va
20.13. The excellent description of the data, using para
eter values measured independently here (M0 , Hc2, andH0)
and withd2/8n4 almost coinciding with the calculated value
gives considerable confidence in the fundamental correct
of the nonlocal description.

FIG. 5. Amplitude of the oscillation in basal plane magnetiz
tion, dM5M @110#2M @100#, plotted vsH on a logarithmic axis.
The solid line shows a fit to the oscillatory term in Eq.~7!, with
H0

ab548 kOe andHc2
ab 5 33 kOe; see the text.

TABLE II. Average Fermi velocities.

Expt. Band calc.

n1 /n4 5.56 4.78
n2 /n4 0.83 0.73
n3 /n4 – 3.2
0-6
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V. CONCLUSIONS

We have measured the equilibrium magnetization in
basal plane of clean, superconducting YNi2B2C, taking care-
ful account of background effects. Influences of nonlo
electrodynamics are very evident well belowTc , with the
effects becoming washed out at higher temperatures as
pected. The magnetic-field dependence of the magnetiza
and its oscillation amplitude are well described by a gen
alization of London theory to include nonlocal influence
The results of this analysis have been compared with a
responding study of the c-axis magnetization, thereby p
viding the valueG51.13 for the mass anisotropy of th
material. Furthermore, the experimental values for the m
rial parameters agree overall very well with those dedu
from the band structure. In summary, these clean, nonm
netic borocarbide superconductors display a rich variety
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physical phenomena, requiring both second and espec
fourth rank tensors to describe their macroscopic vortex s
properties.
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