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Nonlocal current-field relation and the vortex-state magnetic properties of YNi2B2C
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The equilibrium magnetizationM of single crystal YNi2B2C superconductor has been studied with magnetic
field Hic axis. The material is clean, with low electrical resistivity and weak magnetic hysteresis~for H
510 kG, the critical current density is less than 1026 of the depairing current density!. The magnetization
M (H) deviates from conventional London predictions, but is well described by recent nonlocal London theory,
with well-behaved superconductive parameters. The temperature dependence of the London penetration depth
l(T) and other parameters are deduced.@S0163-1829~99!50810-2#
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The nickel-borocarbide superconductors are proving to
a rich and complex system of materials. Despite their re
tively simple tetragonal structure, modest transition tempe
turesTc ~an order of magnitude below the high-temperatu
superconductors!, and absence of superconductive CuO la
ers, the vortex~mixed! state is providing many surprises. L
us recall thatisotropic superconductors have a simple he
agonal flux-line lattice~FLL! with vortices forming equilat-
eral triangles having an ‘‘opening angle’’b of 60°. In con-
trast, neutron-scattering studies have shown that the vo
lattice in borocarbides is more complex, even for YNi2B2C
that contains no magnetic rare-earth ions. Consider the
plest case in which the magnetic fieldH is applied parallel to
the tetragonal (00c) axis and the local supercurrent dens
j ~r ! of a vortex circulates in the basal planeab having square
crystallographic symmetry. Then the FLL is~nearly! hexago-
nal in low fieldsH where vortices are far apart; with increa
ing but still modest field levels, the FLL appears to under
a first-order structural transition;1,2 and at still higher fields,
the lattice becomessquare~opening angleb'90°).3,4 This
seemingly strange behavior has been explained in term
nonlocal London theory5 or generalized Ginzburg-Landa
theory.4 The present magnetic study gives strong, indep
dent evidence for pronounced nonlocality effects in cle
single crystal YNi2B2C.

The behavior of the vortex lattice is quite unusual a
difficult to explain within standard theories, even those
corporating an anisotropy of the superconductive effec
mass. Historically, conventional London theory has be
very useful, in that it is valid at all temperatures. Howev
with the supercurrentj ~r ! flowing in theab plane with square
symmetry, the London model yields an isotropic vorte
vortex interaction. Hence standard London theory cannot
count for either the symmetry of the FLL in YNi2B2C or for
PRB 590163-1829/99/59~10!/6620~4!/$15.00
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features in the equilibrium magnetization that are discus
below. This theory is local, in that it assumes a direct p
portionality between the vector potentiala~r ! and j ~r !. Re-
cently, however, Koganet al.6 have argued that when th
electronic mean free path is long, one should include con
butions toj from nearby fields within a nonlocality radiusr,
which is of the order of the BCS coherence lengthj0 at T
50. In Fourier space, one has (4p/c) j i(k)
52(1/l2)Qi j (k)aj (k) with summation over repeated sub
scripts; the kernelQi j depends explicitly onk. The resulting
nonlocalLondon theory has provided a good description
FLL’s and even predicted the lattice transformation at lo
fields.5 To date, however, there has been no independent
roborating evidence for the validity of this approach.

If the superconductivity in ‘‘clean’’ YNi2B2C is indeed
nonlocal, then its equilibrium mixed-state properties sho
be modified significantly.6,7 In this work, we show that the
equilibrium magnetization of single-crystal YNi2B2C devi-
ates significantly from simple London predictions, but it
well described by a nonlocal generalization of Lond
theory. These results give strong, independent support
pronounced effects of nonlocality in this borocarbide sup
conductor, bolster the underlying London-based theory,
provide revised values for the superconductive length sc
in YNi2B2C.

Standard local London theory provides a simple logari
mic field dependence for the equilibrium magnetization. F
intermediate fieldsHcl!H!Hc2 , one has8

M52M0 ln~hHc2 /H !, M05f0/32p2lab
2 . ~1!

Hereh is a constant of order unity;lab is the London pen-
etration depth corresponding to screening by currents in
ab plane, withHic axis;Hc25f0/2pj2 is the upper critical
R6620 ©1999 The American Physical Society
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field with j being the Ginzburg-Landau coherence length
temperatureT. In the Kogan-Gurevich nonlocal formulatio
of London theory,6 there is a third independent length sca
the nonlocality radiusr that depends on the mean free pa
and temperature. When nonlocality is important, the sc
Hc2;f0 /j2 for M is replaced by another field scaleH0
;f0 /r2, where the lengthr ~unlike j! slowly decreases
with increasing temperature. The resulting expression foM
is6

M52M0F lnS H0

H
11D2

H0

~H01H !
1zG . ~2!

HereM0}1/l2 is the same as above,H05f0/(4p2r2) for a
square FLL, andz(T)5h12 ln(H0 /h2Hc211), where both
h1 and h2 are constants of order unity. Note that as t
temperature increases,H0 becomes larger whileHc2 tends
toward zero. These differing temperature dependencies m
that for clean materials, the nonlocal form Eq.~2! reduces to
the local expression Eq.~1! as T approachesTc ; for dirty
materials wherer is short andH0 is large, the nonlocal ex
pression collapses to the local format all temperatures–
hence the nonlocal formulation contains the standard form
a special case. In summary, the nonlocal theory predicts
the ‘‘clean’’ equilibrium magnetization should vary logarith
mically with field nearTc , but it progressively and signifi
cantly deviates from logarithmic behavior at low tempe
tures and follows Eq.~2! instead.

The single-crystal sample was grown by a hig
temperature flux method using Ni2B flux with isotopic11B to
reduce neutron absorption. The 17 mg crystal (0.330.32
30.05 cm3) had a mosaic spread of less than 0.2°, as de
mined by neutron diffraction. Magnetic studies were co
ducted in a superconducting quantum interference de
~SQUID! -based magnetometer~Quantum Design MPMS-7!,
with the crystal glued onto a thin Si disk and mounted in
Mylar tube for measurement. The superconductive transi
temperatureTc514.5 K ~measured inH510 G) was defined
as the point at which the linearly varying magnetizati
M (T) extrapolated to zero. This ignores a very slight ‘‘tai
with an onset of 15.6 K. In the mixed state, hysteresis lo
M (T) were measured in fields up to 6.5 T. The values
magnetization withHic have been corrected for the~nearly
temperature-independent! normal-state background momen
measured atT520 K. To obtain the equilibrium~reversible!
magnetization in the presence ofslight hysteresis, we aver
age the increasing- and decreasing-field values. Meas
ment of the electrical resistivity using a van der Pa
method yielded an electrical resistivity of 4mV cm at 20 K
and a residual resistance ratio of 10.

Overall, the magnetic response of this material is rema
ably reversible. This is evident in Fig. 1~a!, which shows the
magnetization atT55 K with the magnetic field applied par
allel to the c axis. At this relatively low temperatureT
'Tc/3, there is a wide reversible region; in an earlier stu
Ming Xu et al.9 found similar reversibility, meaning tha
thermodynamics can be used to analyze the material. T
lustrate the crystal’s reversibility, note that a Bean mo
analysis of the magnetic hysteresisDM at 10 kOe indicates a
critical current densityJc5100 A/cm2; see Fig. 1~b! for val-
ues of Jc at 3, 5, and 7 K. The in-fieldJc is small, only
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;1026 of the depairing current densityJ0'1.5
3108 A/cm2. Since the sample is moved during a measu
ment scan, we also verified that the scan length has ne
gible influence on the equilibrium magnetization. The infl
ence of scan length on theirreversiblemagnetic momentm
was slight, as illustrated by plots of the irreversible magne
moment Dm5(mdecr2mincr) at 4.2 K versusH for scan
lengths of 2, 3, and 4 cm in the inset to Fig. 1. Normal
scans of 3 cm were used.

Now consider the magnetic field dependence of the m
netization. To visualize the difference between local a
nonlocal London behavior, we plotM versus ln(H) in Fig. 2.
In the high-temperature region, the plot is linear~dashed
lines!, as predicted by Eq.~1!. At lower temperatures, how
ever, the data deviate progressively from this simp
‘‘straight line’’ dependence and develop substantial cur
ture, as is quite evident in the figure. This is just the reg
where nonlocality effects should become significant. Inde
the nonlocal expression, Eq.~2!, describes the experimenta
results very well—the solid lines in Fig. 2 show this relatio
fitted to the data for temperaturesT<10 K. The high quality
of these fits supports the premise that nonlocal effects p
an important role in ‘‘clean’’ borocarbide superconductor

In addition to a precise description of experimental data
is essential for comparison with the theory that the result
parameters—H0 , M0 , and z—should behave as the theor
prescribes. The three parameters used to fit the data

FIG. 1. For YNi2B2C single crystal with magnetic fieldHic axis
~001!. ~a! the superconductive magnetizationM versusH at 5 K. It
is almost completely reversible over a wide range of field andM
reduces to zero at 38 kOe.~b! the critical current density obtaine
using the Bean model. The peak effect observed nearHc2 arises
from weak vortex pinning; see, e.g., Ref. 2. Inset: the irrevers
magnetic momentDm at 4.2 K versusH, for measurement scan
lengths of 2, 3, and 4 cm.
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from three independent length scales—r, l, andj. To verify
proper behavior, the temperature dependencies of the pa
eters are presented in Fig. 3. The nonlocal theory pred
that the field scaleH0 , shown in Fig. 3~a!, should be con-

FIG. 3. Parameters from nonlocal London analysis versus t
perature:~a! the field scaleH0 ~j! and productg(T)H0(T) ~d!
~which theoretically should be constant!, ~b! the magnetizationM0 ,
and ~c! dimensionless quantityz.

FIG. 2. A semilogarithmic plot of equilibrium magnetizatio
versusH, for temperatures from 14 to 3 K in steps of 1 K.~For T
<8 K, each successive curve is shifted down by 1 G.! Local Lon-
don theory@Eq. ~1!# predicts the linear dependence~dotted lines!
seen at higher temperatures, but cannot account for the curvatu
lower temperatures. Nonlocal London theory@Eq. ~2!, solid lines#
describes the data well.
m-
ts

stant at low temperature and then increase for temperat
nearerTc . Experimentally, the field is approximately con
stant fort5T/Tc<;0.4, after which it rises steadily, quali
tatively very similar to the features observed in the origin
analysis6 of Bi2Sr2CaCu2Ox and Tl2Ba2CaCu2Ox high-Tc
materials. From the relationH05f0 /(4p2r2), we obtain
the valuer531 Å for T!Tc . A further consistency check
comes from evaluating the quantityg(T)H0(T), where the
parameterg(T) gives the temperature dependence of
nonlocality radiusr. ~Values forg were calculated by Kogan
et al., and have been taken from Fig. 1 of Ref. 6, using
‘‘clean’’ scattering parameterj0 / l 50.3; herej0 is the BCS
coherence length andl'300 Å is the electronic mean fre
path, estimated from the electrical resistivity at 20 K.! Ac-
cording to the nonlocal theory, the productg(T)H0(T)
should be constant; the observed temperature independ
of this quantity, shown in Fig. 3~a! provides a major consis
tency test for the analysis.

The temperature dependencies ofM0 andz are shown in
Fig. 3~b! and 3~c!. Both vary smoothly and are qualitativel
similar to the results for the high-Tc materials.6 The London
penetration depth extracted fromM0}1/l2 is shown versus
T in Fig. 4. For 10 K and below, the results come from t
nonlocal analysis; above 10 K, a conventional London ana
sis was used. We note that the plot of 1/l2 versusT is linear
nearTc , as expected from Ginzburg-Landau theory, and
extrapolates to zero near theTc measured in a low field.
Fitting the higher temperature data to a BCS-clean limit te
perature dependence yields the valuel(0)5980 Å; how-
ever, the penetration depth varies faster at low temperat
than predicted by BCS theory. An empirical extrapolation
T50 yields the valuel(0)5900 Å. This value lies abou
15% below the previous determinations of Yethirajet al.3

and Eskildsenet al.,2 which were obtained from analysis o
the neutron-diffraction intensity. It is significantly smalle
than the value~;1500 Å! deduced by Xuet al.9 from a
conventional London analysis.

The magnetization study also provides information on
upper critical field, yielding a slope dHc2(T)/dT
523.8 kG/K nearTc . More interestingly, we find that a
3 K'0.23Tc , the superconductive magnetization goes
zero at 45 kG~see Fig. 1 for corresponding data at 5 K!.
Taking this as the upper critical fieldHc2(T)5f0/2pj2

-

at

FIG. 4. The London penetration depthl, obtained with field
Hi(001). The straight solid line shows Ginzburg-Landau behav
nearTc .
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yields a Ginzburg-Landau coherence lengthj586 Å, which
agrees within experimental error with the result of Eskilds
et al.2 from neutron scattering from a ‘‘transforming FLL’
crystal at 2.2 K. The present results and standard relation
the thermodynamic critical fieldHc then give a depairing
current densityJ05cHc /(61/23plab)'1.53108 A/cm2 at
low temperatures~here c is the speed of light!. As noted
above, theJc'10263J0 , meaning that the superconduct
is relatively clean and electron scattering is weak, as is n
essary for observing pronounced effects of nonlocality. C
tinuing, the measured electrical resistivity and other mate
parameters10 provides an estimate for the electronic me
free path,l'300 Å. This significantly exceeds the coheren
length, again reinforcing the idea that the clean material
ables nonlocality effects to be observed. Finally, one can
the Pippard relation (1/j)5(1/j0)1(1/l ) to estimate the
BCS coherence lengthj0'120 Å atT50. This is somewhat
.
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smaller, but roughly comparable with the values deduced
Metlushkoet al.11 for LuNi2B2C.

In conclusion, the equilibrium magnetization of this clea
reversible YNi2B2C crystal qualitatively deviates from wha
is predicted by traditional local London theory, but acc
rately follows the form of nonlocal London theory. The r
sulting parameters behave as the nonlocal theory prescr
with a well-behaved penetration depthl(T). Thus the non-
local London theory provides a common basis for und
standing both the macroscopic magnetization study and
croscopic neutron-scattering experiments.
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