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Upper Critical Field Peculiarities of SuperconductingYNi2B2C and LuNi2B2C
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We present new upper critical fieldHc2sT d data in a broad temperature region0.3 K # T # Tc for
LuNi2B2C and YNi2B2C single crystals with well characterized low impurity scattering rates. The
absolute values for allT , in particular,Hc2s0d, and the sizable positive curvature (PC) ofHc2sTd at high
and intermediateT are explained quantitatively within an effective two-band model. The failure of
the isotropic single-band approach is discussed in detail. Supported by de Haas–van Alphen data,
superconductivity reveals direct insight into details of the electronic structure. The observed maxim
PC nearTc gives strong evidence for clean limit type-II superconductors. [S0031-9007(98)05338-1]

PACS numbers: 74.60.Ec, 74.20.–z, 74.70.Ad
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The discovery [1,2] of superconductivity in transition
metal borocarbides has generated large interest due
their relatively high transition temperaturesTc , 15 to
23 K and due to the relation between the mechanisms
superconductivity in these compounds, in cuprates, and
ordinary transition metals. Another highlight is the co
existence of magnetism and superconductivity in some
these compounds containing rare earth elements [3–5].
study of the nonmagnetic compounds, such asLNi2B2C,
with L ­ Lu, Y, Th, Sc [6], is a prerequisite for the un-
derstanding of their magnetic counterparts. Experimen
data for LuNi2B2C [7] demonstrate, besides a maxima
positive curvature (PC) ofHc2sT d nearTc, observed also
for YNi 2B2C [4,8,9], a weakT -dependent anisotropy
within the tetragonal basal plane and aT -independent
out-of-plane anisotropy of the upper critical fieldHc2.
Both anisotropies have been described [7] in terms
nonlocal corrections to the Ginzburg-Landau (GL) equ
tions. In this picture the PC ofHc

c2 ( $Hk to the tetragonal
c axis) is caused, almost entirely, by the basal pla
anisotropy. However, it should be noted that the report
anisotropy ofHc2 for YNi 2B2C is significantly smaller
than for LuNi2B2C [7,9,10], whereas its PC is comparabl
or even larger. Further explanations of the unusual PC
Hc2sT d, such as quasi-2D fluctuations [11], are exclude
by the underestimation ofHc2sT d at low T [9] and the
observed weak anisotropy. The quantum critical poi
scenario [12], as well as the bipolaronic scenario [13
can be disregarded because the slope ofHc2sT d decreases
for T ! 0 (see Fig. 1). Local density approximation
(LDA) band structure calculations [14,15] predict a near
isotropic electronic structure with rather complicated ban
near the Fermi levelEF. However, in analyzing the su-
perconductivity in terms of an isotropicsingle-band (ISB)
Eliashberg model, the multiband character and the a
isotropic Fermi surface have been widely ignored so far

Here we present and analyze theoretically the new d
of Hc2sT d in a broad interval0.3 K # T # Tc for high
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purity LuNi2B2C and YNi2B2C single crystals. We show
that typical features of both compounds, such asHc2s0d ,
8 10 T and the unusual PC ofHc2sTd for T * 0.5Tc,
cannot in any way be explained consistently with th
normal state properties within the ISB approach. Instea
we propose a two-band model (TBM) approach. To clarif
its relationship to the extended saddle-point model [16
which also predicts a PC, is beyond the scope of th
Letter.

Platelet shaped LuNi2B2C and YNi2B2C single crystals
with a mass of,1 mg were grown by a high-temperature
flux technique with Ni2B as flux. The values ofTc,
16.5 K, and 15.7 K, have been determined by low-field
ac susceptibility xsT d with transition widths DTc ­
0.2 K. The upper critical fieldHc

c2sT d along the c
axis, shown in Figs. 1 and 2, has been measured
sistively for fixed T adopting the midpoint criterion,
rsHc2, T d ­ 0.5rsH ­ 0, T ­ 17 Kd ; 0.5rn. The tran-
sition width DH ­ fHsr ­ 0.9rnd 2 Hsr ­ 0.1rndg
increases up to 0.75 T (1.5 T for LuNi2B2C) at
T , 0.5 K starting from a nearly constant value of
0.3 T at T . 4 K (8 K for LuNi 2B2C). The low
residual resistivityrs0d ø rn ­ 2.5 mV cm and the ratio
rs300 Kdyrn ­ 43 (27 for LuNi2B2C), together with the
observations of magnetoquantum oscillations [17–19
indicate a high quality and a low impurity content of our
samples. This suggests that we are in the clean limit
terms of the traditional theory of type-II superconductor
[20]. In this limit, one has to consider the electronic
structure in more detail. We restrict ourselves to a
effective two-band model [21] which, especially on the
simple Bardeen-Cooper-Schrieffer (BCS) level, has a lon
history [22]. Because of the neglect of strong couplin
effects, a BCS-like theory is not expected to describ
real superconductors quantitatively. Such effects must
studied within the Eliashberg theory [23–27]. To calcu
late Hc2, we have solved numerically the correspondin
linearized equations of Ref. [23],
© 1998 The American Physical Society
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FIG. 1. Experimental data forHc2sT d of LuNi2B2C (magnetic
field $Hk the c axis) compared with theoretical curves: (i) the
isotropic single band model with Fermi velocityyF ­ 2.76 3
107 cmys and various impurity scattering ratesgimp ; (ii) the
two-band model withyFi si ­ 1, 2d in units of 107 cmys.

ṽisnd ­ vn 1 pT
X
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imp;i,jdy2pT g sgnsvmd , (1)
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i,jFsvdysv2 1 v2
nd . (5)

The bands at EF are labeled by i,j. Here
vn ­ 2pTs2n 1 1d are the Matsubara frequencies
a

2
i Fsvd andD̃i denote the spectral density and the supe

conducting order parameter of theith band, respectively.
In our approach, as in any two-band model, two gap
below and above the BCS value of3.5kBTc, occur natu-
rally. In general, interband couplingsi fi jd mediated by
phononsfa2

i,jFsvdg and impurities is important. Since
there is no experimental evidence [28,29] for the presen
,
r-

s,

ce

FIG. 2. Temperature dependence ofHc2sT d for YNi 2B2C.
Experimental points for the magnetic field$Hk c axis. The
Fermi velocities of the two-band model are given in units o
107 cmys. For the interaction constants, see the text.

of magnetic impurities in high quality samples, we negle
the magnetic scattering rategs

imp . For the quantifica-
tion of the nonmagnetic counterpartgimp ø 2pTD , the
Dingle temperaturesTD , measured by the de Haas–va
Alphen (dHvA) effect, are very suitable [17–19]. The
experimental valuesTD ­ 2.8 and4 K revealgimp ­ 18
and25 K for our YNi2B2C and LuNi2B2C single crystals,
respectively, indicating that the clean limit is reache
sincegimp # 2D0 ø 51 K holds for both samples, where
2D0 denotes the smaller of the two gaps. Hence, t
scattering by impurities can be neglected by settin
gimp ­ 0. In the weak coupling limit of an ISB case
Eqs. (1)–(5) are equivalent to the standard theory [3
Any anisotropy ofHc2 can be described by a similar, bu
much more tedious, system of equations [26]. Since t
measured anisotropy is relatively weak, it will be ignore
for the sake of simplicity. Therefore, onlyHc

c2sTd’s will
be compared with those of our isotropic models.

The standard ISB model [27] describesquantitatively
the renormalization of the physical properties of meta
due to electron-phonon (el-ph) interaction. The inp
parameters are the density of states atEF , Ns0d, the
Fermi velocityyF , the impurity scattering rategimp , the
Coulomb pseudopotentialmp, and the spectral function
a2Fsvd of the el-ph interaction. These quantities can b
determined from a few experimental data: the normal sta
low-T electronic specific heatgST , the plasma frequency
vpl inferred from the optical conductivity,Hc2s0d, Tc and
its isotope exponenta, as well as the normal state low-T
dc resistivityrs0d ø rsTcd which, similar toTD , gives a
direct measure of the sample purity. We adoptmp ­ 0.1
for the Coulomb pseudopotential and̄hvc ­ 600 meV
for the energy cutoff in Eq. (2). The total el-ph couplin
constantl ­ 2

R
dva2Fsvdyv can be estimated from

the boron isotope effectaB ø 0.2 [31] and the phonon
spectrum [32].
1731
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We first consider LuNi2B2C. To find a lower bound
for l, we accounted for only the high-energy carbo
phonons centered at 50 meV and the boron branch
100 meV. Fitting the experimentalaB and Tc values,
we obtained the partial coupling constantsl100 ­ 0.31,
l50 ­ 0.22, and l ­ l100 1 l50 ­ 0.53, where the
subscripts denote the corresponding phonon energ
in meV. An upper bound ofl ­ 0.77 has been found
using the Lu phonons centered near 9 meVsl9 ­ 0.34d
and the sameB band sl100 ­ 0.43d as in the earlier
case. In the following, a wide averaged spectrum wi
l ­ 0.65 (l100 ­ 0.37, l50 ­ 0.12, l9 ­ 0.16) will
be used which reproduces the experimental values
aB and Tc. Ns0d ­ 11.8 mJymol k2

B K2 has been esti-
mated from the experimental value [8] ofgS ­ 2p2 3

k2
Bs1 1 ldNs0dy3 ­ 19.5 mJymol K2. The value of

yF ­ 2.76 3 107 cmys follows from the experi-
mental value [33] of the plasma frequencȳhvpl ­p

4pe2yF
2 Ns0dy3 ­ 4.0 eV. The analogous values for

YNi 2B2C are l ­ 0.637, Ns0d ­ 11.1 mJymol k2
B K2,

yF ­ 3 3 107 cmys, andHc2s0d ­ 2 T, where the data
of Refs. [8] and [34] have been used.

We solved Eqs. (1)–(5) with these parameter sets f
two types of spectral densitiesa2Fsvd: (i) a wide spec-
trum and (ii) a single Einstein mode peaked ath̄vE ­
42.4 meV chosen to yield the experimentalTc ­ 16.5 K
for LuNi2B2C using the same value ofl ­ 0.65 as in
the first case. The results are shown in Fig. 1. No
that, in the intermediate coupling regime under conside
ation, as expected,Hc2sT d is insensitive to details of the
shape ofa2Fsvd [27] and, in the clean-limit case, it is
also insensitive to the actual value of the small scatte
ing rates. Comparing the LuNi2B2C data with the ISB
curves, one clearly realizes strong deviations. In partic
lar, there is a discrepancy of about 3 between experimen
and ISB model values ofHc2s0d. For YNi2B2C the dis-
crepancy even reaches a factor of 5. Therefore it makes
sense to discuss any details of the shape ofHc2sT d, such as
the PC, resulting in deviations of theHc2sT d curves of the
order10% to 20%, until the reason for the large failure tha
accounts for the magnitude ofHc2s0d has been elucidated.
This serious difficulty was circumvented in previous stud
ies as follows. First, frequently, the quantityhc2sT d ­
2Hc2sT dyfTcsdHc2ydT dT­Tc g, describing the shape of the
Hc2sT d curve, was considered, but theabsolutevalues of
Hc2sT d were not discussed at all [7]. Second, since, with
the ISB model,Hc2s0d is a monotonicallyincreasingfunc-
tion of the impurity content, in principle, largeHc2s0d val-
ues might be obtained. To check this approach [9] w
calculated the impurity scattering rategimp which is re-
quired to increaseHc2s0d up to the LuNi2B2C value of
7.6 T. Thus we obtaingimp ø 427 K, which would lead
to rs0d ø 17 mV cm which strongly deviates from the ex-
perimental valuers0d ø 2.5 mV cm. In this context, we
note that our data and those of Ref. [35] show depende
cies just opposite to those predicted by the ISB mode
Hc2s0d and Tc increasewhen gimp decreases. Third, a
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further parameter, the clean limit coherence length, h
been introduced in Ref. [35]. However, this results in th
overdetermination of the model parameter set, and the co
sistency of the two valuesyF obtained using (i) a clean-
limit coherence length and (ii) normal state data has n
been checked. Thus the ISB approach fails to expla
simultaneously the three valuesgS ­ 19.5 mJymol K2,
h̄vpl ­ 4 eV, Hc2s0d ­ 7.6 T in the clean limit, and the
four valuesgS , vpl, Hc2s0d, andr ­ 2.5 mV cm in the
dirty limit. In addition, the ISB model is also unable to
explain the small gap values2D0ykBTc , 3.5 observed in
microwave [36], tunneling [10], and dHvA [37] measure-
ments. Furthermore, the PC ofHc2sT d nearTc and the
extended quasilinear behavior ofHc2sT d down to T , 1
to 2 K cannot be described within the ISB. The ISB mode
with a singleyF contradicts the dHvA data which clearly
show the presence of six different sectionsFa , . . . , Fh

[18,19] with roughlytwo or threegroups ofyF ’s.
Turning to our TBM, we solved Eqs. (1)–(5). For the

sake of simplicity, the same phonon spectrum as in the IS
case discussed above has been adopted. We achieve an
cellent agreement with the LuNi2B2C data (see Fig. 1)
for l1 ­ 0.51, l2 ­ l21 ­ 0.2, l12 ­ 0.4, m

p
1 ­

m
p
2 ­ 0.1, yF2 ­ 3.7 3 107 cmys, yF,1 ­ 0.96 3

107 cmys. For YNi2B2C, we used the following set:
l1 ­ 0.5, l2 ­ l21 ­ 0.2, l12 ­ 0.4, m

p
1 ­ m

p
2 ­ 0.1,

yF2 ­ 3.8 3 107 cmys, yF1 ­ 0.85 3 107 cmys, and
Ns0d ­ 11 mJymol k2

B K2. ReproducingTc ­ 15.6 K,
the adopted values ofNs0d agree well with the LDA
value [15] of9.5 mJymol k2

B K2. The plasma frequency
h̄vpl ­ 4.4 eV is in accord with h̄vpl ­ 4.25 eV ob-
tained in Ref. [34]. From the obtainedyF ’s it is concluded
that vpl is related mainly to the second weakly coupled
band. Then transport, optical, and tunneling data exhib
mainly the properties of that band, whereas the strong
coupled band remains almost hidden. The calculated val
of the penetration depth at 4.2 K, 100 nm, is in agreeme
with the data of Ref. [35]. OurgS ­ 17.2 mJymol K2

should be compared withgS ­ 18.2 mJymol K2 re-
ported in Ref. [8]. Finally, we arrive atHc2s0d ­ 9.4
to 9.9 T, in good agreement with our experimental valu
Hc2s0d ­ 10.6 6 0.2 T. The experimentalHc2sT d curve
of YNi 2B2C, together with the results of the TBM, are
shown in Fig. 2. The valuesyF ø 4.2 3 107 cmys
and 0.7 to 1.3 3 107 cmys of the extremal orbitsFb

and Fh1y2, respectively, derived from earlier dHvA data
[18,19] on the same YNi2B2C single crystal do not deviate
much from the parametersyF2 ø 3.8 3 107 cmys and
yF1 ø 0.8 to 0.96 3 107 cmys introduced empirically in
our approach. The remaining deviations might be du
to natural differences betweenyF ’s on extremal orbits
seen in the dHvA experiments and the correspondin
effectivequantities of our TBM which contains implicit
information on the whole Fermi surface.

Within our TBM, the PC ofHc2sT d depends mainly
upon the strength of the interband couplingsl12, l21d and
to a lesser extent upon the ratio of the Fermi velocities an
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the intraband coupling strengthsl1, l2d. These findings
may also be interpreted in terms of the flat Ni-derive
band nearEF and of the dispersive bands crossingEF

seen in the LDA-band structure [14]. The strong mixin
of these bands might be viewed as the microscop
origin for significant interband coupling. Further work
is required to clarify this point. ForT , 4 K, Hc2sT d
is very sensitive to the actualyF,2yyF,1 ratio. This
is illustrated by the additional curves shown in Fig. 2
The variation ofyF1 and yF2 results in slightly higher
and lower Hc2s0d values, respectively. Our empirical
parameter sets for LuNi2B2C and YNi2B2C differ almost
only in their yF1 values which roughly scale with the
Ni-Ni distance asd25

Ni2Ni. In this context the study of
ScsThdNi2B2C having much reduced (increased) Ni-N
distances is of interest.

Thus, both compounds can be well described with
an effective two-band model, provided there are at lea
two groups of electrons having (i) significantly differen
Fermi velocities, (ii) strong coupling in the small-yF

band, as well as (iii) sizable coupling between the sma
yF and large-yF band. This case differs from the situation
considered in Refs. [24] and [26]. There, the strong
coupling is in the large-yF band and the curvature of
Hc2sT d nearTc is negative. A PC would appear only at
intermediateT if the interband coupling and the impurity
scattering are both weak. In contrast, in this regio
Hc2sT d shows almost no curvature in our model. In othe
words, the result of Refs. [24] and [26] can be understoo
as an average over two weakly coupled superconducto
the first with a highHc2s0d but a low Tc and the second
with a smallHc2s0d but highTc. In our case, the isolated
small-yF subsystem would have high values ofl, Hc2s0d,
and Tc. The values ofHc2s0d and Tc of the coupled
system are reduced by the second large-yF subsystem
with weak interaction parameters. In this case, whic
to our knowledge has not been considered so far, t
PC of the resultingHc2sT d near Tc becomes a direct
manifestation of that interband coupling. In our TBM
the PC ofHc2sT d, as well asHc2s0d, andTc is suppressed
by growing impurity content, and the PC vanishes upo
reaching the dirty limit withTc ø 11 K.

In summary, we have shown that the superconductiv
of pure nonmagnetic borocarbides should be describ
within a multiband picture. The isotropic TBM gives
a reasonable starting point toward the understanding
the mechanism of superconductivity in these compound
Combined studies of quantum oscillations (dHvA) an
Hc2sT d unified by Eliashberg analysis are found to b
valuable supplementary tools which are used to eluc
date the specific role of subgroups of electrons havin
small yF ’s and strong coupling to bosons. These ele
trons may be readily overlooked by other experiment
techniques.
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