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Superconducting properties of YxLu1ÀxNi2B2C and La3Ni2B2N3Àd :
A comparison between experiment and Eliashberg theory
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Specific heat and resistivity measurements were performed on polycrystalline samples of the solid-solution
YxLu12xNi2B2C in order to determine thermodynamic properties such as the specific-heat differenceDC, the
thermodynamic critical fieldHc(T), as well as the upper critical fieldHc2(T). These properties were analyzed
within the Eliashberg theory including anisotropy effects, yielding electron-phonon coupling anisotropy pa-
rameterŝ ak

2& ranging between 0.02 and 0.03 for the whole series, and Fermi velocity anisotropy parameters of
^bk

2&50.245– 0.3. Excellent agreement between theory and experiment was achieved for these parameters, the
Sommerfeld constantg and model phonon spectra determined from specific heat measurements. An analysis of
the previously investigated boronitride La3Ni2B2N32d for comparison revealed the electron-phonon anisotropy
to be of great significance in describing its thermodynamic properties and the calculations yielded^ak

2&
.0.08 and̂ bk

2&.0.245. TheTc behavior within the series YxLu12xNi2B2C is discussed in terms of the density
of states at the Fermi levelN(0).

DOI: 10.1103/PhysRevB.63.104508 PACS number~s!: 74.25.Bt, 74.70.Dd, 74.62.Yb, 74.20.2z
or
s

r

d

ra
g
o

ila
3

o
S

ex
ica
it
th

ro
no
e
m
ti-

y
by

ea-
ling

dy-

era-
ere

of
ic
e
nt

non
pe-
oth
of

in
n
nd
ical

of
erg

in-
I. INTRODUCTION

The transition-metal borocarbide superconduct
RNi2B2C with transition temperatures comparable to tho
of the A-15 compounds~e.g., R5Lu with Tc.16.5 K,
Nb3Ge with Tc.23 K! are a subject of broad interest fo
research on intermetallic superconductors. Siegristet al.1 re-
ported the crystal structure of theRNi2B2C superconductors
to be a filled version of the ThCr2Si2-type structure stabi-
lized by the incorporation of carbon, where Ni2B2 layers are
separated by RC layers. In the related compoun
La3Ni2B2N32d , three LaN planes separate the Ni2B2 layers.
Despite of the layered structure reminiscent of the cup
superconductors, the electronic structure of the sin
RC-layer borocarbides as well as the triple LaN-layer b
ronitride is three dimensional.2,3 Nickel-site substitutions on
both the borocarbides and the boronitride revealed sim
electronic properties of the bands related to thed
electrons.4

At a first glance, the thermodynamic properties
La3Ni2B2N32d seem to be close to the weak coupling BC
predictions,5 but standard single-band BCS theory cannot
plain the pronounced upward curvature of the upper crit
field Hc2(T) close toTc . If applied to the borocarbides,
fails to describe both the thermodynamic properties and
upper critical field obtained from experiment. Shulgaet al.6

analyzed the upper critical fieldHc2(T) of LuNi2B2C and
YNi2B2C in terms of the Eliashberg-theory using an isot
pic two-band model. An isotropic single band model can
reproduce the positive curvature nearTc apparently, becaus
of the dominant role of anisotropy effects in this syste
Recently, Dugdaleet al.7 presented an experimental inves
gation on the Fermi surface of LuNi2B2C, revealing that it
consists of three sheets.
0163-1829/2001/63~10!/104508~12!/$15.00 63 1045
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Freudenberger et al.8 studied the solid solution
YxLu12xNi2B2C and showed, thatTc exhibits a minimum at
about x.0.5 with a Tc depression of about 1 K. The
pointed out, that this feature cannot be described alone
disorder effects with the residual resistivity ratio as a m
sure, and tentatively supposed the electron phonon coup
strengthl to be the origin of this behavior.

We present in this paper investigations of the thermo
namic properties and of the upper critical fieldHc2(T) of the
series YxLu12xNi2B2C and the boronitride La3Ni2B2N32d .
The critical temperature, the specific heat, and the temp
ture dependence of the upper critical magnetic field w
measured for all samples of the series YxLu12xNi2B2C and
the results, including previous measurements
La3Ni2B2N32d ~Ref. 5!, were analyzed using an anisotrop
model of thes-wave Eliashberg formalism. Considering th
change in mass from Y to Lu in the series and differe
lattice properties of both systems, we used model pho
spectra calculated from the phonon contribution to the s
cific heat and found these to be sufficient in describing b
the thermodynamic properties and the upper critical field
La3Ni2B2N32d and YxLu12xNi2B2C. An analysis of the cou-
pling strength and electronic density of states
YxLu12xNi2B2C gives an insight on the origin of the dip i
Tc(x). Section II presents details of sample preparation a
measuring techniques and Sec. III shows the theoret
background used for the analysis. In Sec. IV, an analysis
the experimental data in terms of the anisotropic Eliashb
theory is discussed and possibilities for theTc reduction are
presented. Conclusions are drawn in Sec. V.

II. EXPERIMENTAL

Polycrystalline samples of YxLu12xNi2B2C were synthe-
sized on a water-cooled copper grove by high frequency
©2001 The American Physical Society08-1
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duction melting under argon atmosphere. The starting m
rials are rare earth ingots (R5Y, Lu! ~Strem chemicals,
USA: 99.9%!, Ni ingots ~Strem chemicals, USA: 99.9%!,
crystalline boron~Starck, Germany: 99.5%!, and carbon in-
gots ~Starck, Germany: 99.99%!. A good homogeneity was
obtained by performing the following three steps of sam
preparation.~i! Nickel and boron were melted two times.~ii !
Rare-earth and carbon ingots were alloyed together w
compensating the carbon loss~1–2 %! during the remelting
stage. ~iii ! The two precursor alloys NiB andRC were
melted together. The buttons were broken and remelted fo
least 12 times, and finally annealed at 1020 °C for at le
one week in evacuated quartz tubes. The phase purity o
samples was checked at room temperature by applying x
diffraction ~XRD! in a Guinier-Huber camera using germ
nium as an internal standard. The x-ray photographs of
samples, indexed on the basis of the tetragonal crystal s
ture of LuNi2B2C ~space groupI4/mmm), show that the
samples of the solid solution YxLu12xNi2B2C are almost
single phase with traces of Y12xLuxB2C2 and Y12xLuxNi4B.
According to the x-ray line intensities and optical micr
graph investigations the total amount of these second
phases is about 2 – 5 % in all samples investigated.

Specific heat measurements in the temperature range
160 K and magnetic fields up to 9 T were carried out on 1–2
g samples employing a quasiadiabatic step-heating t
nique. The sample holder consists of a thin sapphire d
(m;0.2 g! with a strain gauge heater and a CERNOX te
perature sensor. The field calibration of the latter has b
performed against two GaAlAs resistivity thermometers a
a capacitive SrTiO3 sensor. Four point resistivity measur
ments were performed in fields up to 9 T in order to deter-
mine Hc2(T) by means of a midpoint criterion. The trans
tion widths according to a 10 and 90 % criterion a
indicated by error bars in the figures containing the up
critical field obtained from the experiment.

The characterization of the polycrystallin
YxLu12xNi2B2C samples with respect to their residual res
tancer0 and the room temperature residual resistance r
~RRR! @[r(300 K!/r~17 K!# turned out to be rather prob
lematic, because our well annealed samples are rather b
and partly textured. Thus, we had difficulties to obtain rep
ducible and reliable RRR values ranging between 10 and
(RRR.10 for x50.5 and 0.8, RRR512 for YNi2B2C, 16
for x50.1 and 43 for LuNi2B2C). The RRR value of 43 for
LuNi2B2C is twice as large as typical single crystal valu
~see, e.g., Ref. 9!. For YNi2B2C, however, we got a much
lower value of just 12 although its thermodynamic me
transition temperatureTc515.56 K ~see below! is even
slightly higher thanTc515.4 K of a high quality YNi2B2C
single crystal10 with RRR537. The upper critical fields
Hc2(T) of these YNi2B2C specimens match to each oth
despite of the different RRR values~compare Fig. 11 of this
work with Fig. 4 of Ref. 10!. In the latter paper Nohara
et al.10 reported that the Sommerfeld valueg of clean limit
YNi2B2C and LuNi2B2C exhibits aAH dependence which
changes to a linear relationg}H in the dirty limit. We note,
that we found an approximateg}AH dependence in all ou
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samples including La3Ni2B2N32d , although the RRR shown
in Ref. 5 is only about 3, similar to the ‘‘dirty’’
Y(Ni0.8Pt0.2)2B2C for which g}H was reported. It is obvi-
ous that the grain boundaries of the polycrystalline samp
strongly reduce the RRR value especially in La3Ni2B2N32d .
Further arguments for the extrinsic origin of the large
sidual resistancer0 of La3Ni2B2N32d will be given in con-
text with analysis of the experimental data in terms of t
anisotropic Eliashberg theory~see Sec. VI E!.

III. THEORETICAL BACKGROUND

Anisotropy effects have to be considered in the desc
tion of the experimental results forHc2(T) in order to obtain
a satisfactory agreement between theory and experim
Daams and Carbotte11 applied the separable model intro
duced by Markovitz and Kadanoff12 to describe an aniso
tropic electron-phonon interaction spectral function with
Eliashberg theory

@a2F~v!#k,k85~11ak!a2F~v!~11ak8!, ~1!

wherek andk8 are the incoming and outgoing quasipartic
momentum vectors in the electron-phonon scattering proc
andak is an anisotropy function describing the deviation
the anisotropic spectral function,@a2F(v)#k,k8 , from the
isotropic one,a2F(v), in the direction ofk. It has the im-
portant feature that its Fermi surface average^ak&50 and as
anisotropy effects are rather small it is sufficient to keep o
the mean-square anisotropy^ak

2& as the important anisotrop
parameter.

The theory ofHc2(T) for anisotropic polycrystalline su
perconductors in a separable model scheme was devel
by Prohammer and Schachinger.13 It employs the separable
ansatz for the anisotropy of the electron-phonon interac
and the ansatz

vF,k5~11bk!^vF&, ~2!

which describes the anisotropy of the Fermi velocity;bk is
an anisotropy function defined the same way asak . The
upper critical field is then described by the set of equatio
~27!–~30! in Ref. 14 and thermodynamic properties of th
borocarbides were calculated using Eqs.~33!–~37! of Ref.
14.N-band models have been extensively studied as a too
describe anisotropic features of superconductors. Shulget
al.6 applied the two-band modelHc2 equations13 to their ex-
perimental results and were able to describe the experime
data with the corresponding equations. Thus, the separ
model employed in this work can be described in its simpl
form by a Fermi surface split into two half spheres of equ
weight

P~a!5d~2a!/21d~a!/2, ~3!

with radii r 6a, if r is the radius of the equivalent isotrop
Fermi sphere.15 Using the Fermi surface harmonics~FSH!
notation introduced by Allen,16 Daams17 observed that this
separable model was equivalently described by a restric
8-2
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to zeroth-order FSH in each of the two subregions of
Fermi surface. According to her work, the separable mo
applied in our analysis corresponds to a two-band mode
which the two Fermi surface regions have equal weight. I
of course also possible to define different weights for the t
regions, thus changing the distribution function~3!, but
Daams17 demonstrated that in the case of weak anisotro
the influence of different weights in a separable model is
negligible significance for the thermodynamics of anis
tropic superconductors.

In the case of the upper critical field any deviation fro
the equal weight configuration causesHc2(T) to approach
the isotropic case as is demonstrated in Fig. 1. The devia
function in the inset of Fig. 1

DHc2
~T/Tc!5DHc2

~ t !5
Hc2,a~ t !

Hc2,i~ t !
21 ~4!

demonstrates the deviation of the upper critical field of
anisotropic systemHc2,a(T) from the upper critical field of
an isotropic, equivalent systemHc2,i(T). The numerical re-
sult for equal weights~1:1! was fitted to the upper critica
field of LuNi2B2C to fix the parameterŝak

2&, ^bk
2&, and

^vF&. The mean Fermi velocitŷvF& and its anisotropy pa
rameter̂ bk

2& were used to fit the experimental data nearTc ,
and^ak

2& was changed to describeHc2(T) at lower tempera-
tures. With these parameters, we calculated the upper cri
field for different weights of the Fermi sheets (1:n) to in-
vestigate the change in the behavior ofHc2. Obviously,Hc2,a
approachesHc2,i as one of the two sheets becomes domin
in weight and this is indicated by a flattening ofDHc2

(t).

The relative signs ofak andbk in the same Fermi-surfac
sheet is also of importance to the analysis ofHc2. With same

FIG. 1. Influence of different weights for the two Fermi-surfa
sheets on the upper critical fieldHc2(T). The numerical result in the
case of equal weights~1:1! is a fit to the upper critical field of
LuNi2B2C with ^a2&50.02, ^b2&50.25, and ^vF&50.2803106

m/s. DHc2
(t) is depicted in the small inset.
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signs ofak andbk in same sheets,Hc2,a(T) is reduced com-
pared toHc2,i(T) ~Fig. 2!. Opposite signs within same shee
give rise to an enhancement ofHc2,a overHc2,i . In this case,
the reduction ofHc2,a(T) due to the influence of̂bk

2& is
compensated by the electron-phonon interaction anisotro
Band structure calculations can give a good estimate for
weight and the relative signs ofak andbk in the correspond-
ing regions of the Fermi surface. Dugdaleet al.7 were able to
show that the Fermi surface of LuNi2B2C consists of three
sheets without giving the weights belonging to the Fer
surface regions. The third one is a small electron poc
centered atG, which compared to the other two sheets can
regarded to have a negligible effect onHc2 if considered in
the theoretical calculations.

With the knowledge of the Fermi surface consisting
two dominant sheets and the shape of the experimental u
critical field favoring opposite signs ofak andbk within the
same sheets, we used equal weights for the two Fermi
face regions and opposite signs ofak andbk in the following
analysis. Numerical results forHc2(T) showed that in the
case of both anisotropy functions having the same signs,
mean Fermi velocitŷvF& needed to fit the experimental da
deviates significantly from the value determined from t
plasma frequency.18 The same effect on̂vF& is observed
with different weights of the Fermi surface regions.

Finally, impurities are treated in Born’s limit19 which as-
sumes the impurities to be randomly distributed and to be
dilute concentration. In such a limit impurities are charact
ized by a scattering ratet1 which is proportional to the im-
purities’ concentration. Their main effect is the smearing o
of the electron-phonon interaction anisotropy resulting in
slight reduction ofTc ,12 an enhancement ofHc2 at low tem-
peratures, and a reduction of the high-temperature upw
curvature ofHc2 as was demonstrated by Weberet al.14 for
Nb.

FIG. 2. Influence of different signs ofak and bk on the upper
critical field Hc2(T). Both Fermi-surface sheets were weighed w
the same factor~1:1!. The experimental result for LuNi2B2C is
labeled with open circles.
8-3
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IV. RESULTS AND DISCUSSION

A. Results of the specific heat measurements

The low-temperature specific heat of YxLu12xNi2B2C
with x50, 0.1, 0.5, 0.8, and 1 is presented in Figs. 3–5.
external field of 9 T was applied to suppress superconduc
ity in order to determine the normal state heat capacityCn
5Ce1Cph5gT1bT3, whereg is the Sommerfeld param
eter andb is related to the low-temperature value of t
Debye temperature. From the specific heat data in the no
and superconducting state~Figs. 3 and 4! we obtained the
specific heat differenceDC5Cs2Cn and used it to calculate
further quantities as the thermodynamic critical fieldHc(T)
and its deviation functionD(T) @Eqs. ~9!, ~10!#, which are
compared to numerical results obtained with Eliashb
theory as discussed below. The extrapolation of the nor
state specific heat toT→0 shown in Fig. 4 with the range o
extrapolation starting at;30 K2 revealed the Sommerfel
constants of the series YxLu12xNi2B2C ranging from g
518.5(2) mJ/mol K2 for x50.8 to 20.6~2! mJ/mol K2 for x
50. The values for the other compounds within the ser
are 19.7~3! mJ/mol K2 (x50.1), 18.7~3! mJ/mol K2 (x
50.5), and 19.7~2! mJ/mol K2 (x51). A comparison of the
Sommerfeld constants of the border phases (x50,1) with
those of Ref. 20 reveals about;1 mJ/mol K2 higher values
of g in this work, with about the sameTc for LuNi2B2C but
a higher one for YNi2B2C compared to previous results. Th
difference in these properties may be explained by the
mogeneity range achieved by different methods used to
pare polycrystalline materials.21

B. Spectral function and coupling strength

The large mass difference between Y and Lu cause
significant change of the low-energy phonon frequencies
YxLu12xNi2B2C while high energy phonon modes a
hardly affected by the rare earth substitution. The latter w
shown by inelastic neutron spectroscopy~INS! results on Y
and LuNi2B2C reported by Gompfet al.22 Similar conclu-
sions were also obtained from the lattice heat capacity
RNi2B2C (R5La, Lu, and Y! analyzed by means of a mod

FIG. 3. Cp /T vs T plot for YxLu12xNi2B2C at zero external
field.
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phonon density of states~PDOS! in a previous paper.20 The
low-energy part of our model spectra were well confirmed
INS while the high-energy part is, of course, just a cru
description which does not give the real details. Nevert
less, the moments of these spectra are in remarkable ag
ment with those calculated from the INS results. As the f
lowing discussion of superconducting properties in terms
the Eliashberg formalism requires primarily details of t
low-energy PDOS we evaluated the variation of the lo
energy phonon modes within the series YxLu12xNi2B2C by a
similar procedure as explained in Ref. 20, i.e., by fitting t
normal state specific heat measured from 2 to 160 K wit
model PDOS,F(v), which is of the form

F~v!53RS 3v2

VD
3

u~v!u~VD2v!D
1(

i 50

3

giRS 1

A2ps i
2

expF2
~v2VEi!

2

2s i
2 G

3u~v2v0!u~VE32v!D . ~5!

In this formula u(x) is the well-known step function;v0
54.3 meV in order to avoid a finite spectral density at ze
energy;s i are the widths of the Gaussians andgi are the
weights of these contributions~i.e., the number of the con
tributing phonon branches!. The Debye spectrum (}v2) rep-
resents the spectral weight of the three acoustic branches
the Gaussian contributions account for the 15 opti
branches. The free parameters are the Debye cutoffVD and
the Gaussian peak positionsVEi

, respectively. In order to fix
a high-energy limit of the model spectrum, the Gaussian c
tribution with the highest energy (VE3

) was cut off at the

peak position andg3 is accordingly doubled in Eq.~5!. The
parameters applied in Eq.~5! are summarized in Table I. Th
only difference with respect to the model spectra shown
Ref. 20 is the splitting up ofVE1

with g151.5 into two parts

FIG. 4. Cp /T vs T2 plot for YxLu12xNi2B2C at an external field
of B59 T. The straight dashed lines indicate the extrapolation
the data toT→0.
8-4
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VE0
andVE1

with g050.3 andg151.2, respectively, which

was motivated by the shape ofF(v) obtained by INS on
YNi2B2C ~see Ref. 22!. On the other hand we now fixedVE3

to 103.4 meV~equivalent to 1300 K3kB) in order to keep
the number of parameters small. Only for Y0.5Lu0.5Ni2B2C
we applied a slightly modified spectrum withg050.7 and
g150.8 compared to 0.3 and 1.2 given in Table I, becaus
the fifty to fifty ratio of Y and Lu in this sample.

Adjusting the model spectra to the lattice heat capa
via

Cph~T!5RE
0

`

dvF~v!
~v/2T!2

sinh2~v/2T!
, ~6!

we obtained the model spectra shown in Fig. 6. This pro
dure provides a satisfactory description of theCP(T) data
from 2 up to 160 K~up to 300 K for the border phases!.

The phonon contribution to the specific heat yields inf
mation onF(v) rather than ona2F(v). Therefore, one is
led to introduce an assumption on the form of the electr
phonon coupling functiona2(v). Junodet al.23 suggested a
function a2(v);vs in a first approximation and found th
exponent to bes521/2 for a large number ofA15 com-
pounds by comparing the experimentally determined m
ments of a2F(v) with tunneling data. We calculated th
thermodynamic properties of the borocarbides usings50,
21/2, and21, and found the exponents521/2 to be the
best choice for the theoretical analysis as in the case of
A15 compounds. It was impossible to describe the exp
mental data usings50 because the theoretical deviatio
function D(t) already lies below the experiment for an is
tropic system, as a consequence of the large Gaussian

TABLE I. Parameters of the model spectrum.

cont. VD VE0
VE1

VE2
VE3

~cutoff!

free free free free 103.4 meV~fixed!

s i ~meV! 1.6 1.6 12.1 25.9
gi 3 0.3 1.2 8.5 5

FIG. 5. Normal-state contribution to the specific heat
YxLu12xNi2B2C.
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tribution above the low-temperature Debye frequencyVD
LT ,

and is expected to get more negative for an anisotropic
tem. In the case ofs521 the calculated deviation functio
is significantly larger than the experimental one and a c
sistent description of the thermodynamic properties andHc2

is impossible because of the large anisotropy parameter^ak
2&

necessary to describe the thermodynamic properties.
The spectra were cut off at the local minimum of th

model phonon spectra atv;68 meV. Starting at this energy
the phonon spectra determined by Gompfet al.22 using in-
elastic neutron-scattering techniques have a wide inter
where the PDOS is zero. The next optical contributions
F(v) start at;100 meV, and it is not very likely that elec
trons still considerably couple to phonons at these energ

With the coupling function having the forma2(v)
5av21/2, the model spectra shown in Fig. 6 were weigh
with a functionv21/2 and were rescaled with a constanta to
give the corresponding critical temperaturesTc of the
samples for a fixed pseudopotential ofm* 50.13. The model
spectral functions give electron-phonon interaction mass
hancement factors

f

FIG. 6. Model phonon spectra obtained from the phonon con
bution to the specific heat. The spectral densitiesa2F(v) used in
the analysis of YxLu12xNi2B2C were obtained by applying a cou
pling function a2(v);v21/2 to the model PDOS. The three
dimensional plot shows the evolution of modes vsx of F(v).
8-5
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l52E
0

`

dv
a2F~v!

v
~7!

between 1.02 (x51) and 1.22 (x50). l does not behave a
the critical temperature and descends monotonically fr
LuNi2B2C to YNi2B2C as a function ofx, without showing a
minimum, which indicates that it cannot account alone, if
all, for the depression ofTc within the series.

C. Thermodynamic properties andH c2„T…

With the set of parameters given in Table II, the therm
dynamic properties were calculated for all samples. T
number of atoms in a volume of 1 cm3, nA , was calculated
from lattice parametersa and c of the tetragonal structure
The Sommerfeld constants obtained from the experim
gexp, are slightly greater than the theoretical valuesgc ,
needed to fit the experimental results for the thermodyna
critical field Hc(T). The latter is calculated from the exper
mental data by integrating the difference between the z
field and 9 T measurement, i.e., any normal state contri
tion to the zero-field heat capacity cancels out inDC5Cs

2Cn5̂C(0 T)2C(9 T) which is used in the analysis below
Nevertheless, a normal state contribution, which is elim
nated inDC, will strongly influence the experimental resu
for the temperature dependence of the electronic specific
in the superconducting stateCeS(T), obtained by subtracting
the phonon contribution from the zero-field data. We no
that theg value due to a small amount of impurity pha
obtained by extrapolating the zero field data in aC/T vs T2

plot to T→0 yields, e.g., for YNi2B2C g imp.0.4(2)
mJ/mol K2 which is significantly smaller thangexp2gc
;1.1 mJ/mol K2. For all other samples,g imp is found to be
even closer to zero, butgexp2gc is still about 1 mJ/mol K2

~see Fig. 7!. Thus, the average difference of about 5% m
be attributed to an intrinsic effect, namely, to the contrib
tion of the small electron pocket, for which de Haas–v
Alphen measurements performed by Terashimaet al.24 re-
vealed the superconducting gap to be much smaller tha
other parts of the Fermi surface. For a further discussion
the temperature dependence ofCeS(T) see below ~Sec.
IV F!.

In the description of the thermodynamics and the up
critical field of YxLu12xNi2B2C the model spectra of Fig. 6

TABLE II. Parameters used for the calculation of thermod
namic properties of YxLu12xNi2B2C. The mass enhancement fact
or electron-phonon coupling factorl, the number of atoms in a
certain volume,nA , and the Sommerfeld constant used in the th
oretical description gc , are compared within the serie
YxLu12xNi2B2C.

x Tc @K# l nA @1022/cm3# gc @mJ/mol K2#

0 16.01 1.220 9.405 19.7
0.1 15.56 1.182 9.382 18.9
0.5 14.90 1.058 9.263 18.1
0.8 14.68 1.018 9.220 18.0
1 15.45 1.017 9.175 18.6
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were used in the numerical solution of the Eliashberg eq
tions in the clean limit~impurity scattering ratet150). This
is of course only a rough approximation and the correspo
ing scattering ratet1 should be determined from aTc reduc-
tion with increasing concentrations of Born limit momentu
scattering impurities.14 As it was not possible to perform thi
type of experiment with the present samples we investiga
the influence of impurity concentration theoretically and
alized that in order to stay within the constraints of t
known experimental datat1 had to be rather small and there
fore we regarded the clean limit to be an acceptable appr
mation. As the coherence length is rather short in these
terials the clean limit is always a good approximation. T
results of our theoretical study of different spectral functio
a2F(v) and of the influence of impurities on the thermod
namics as well as onHc2 will be the topic of a separate
forthcoming publication.

Figure 8 depicts the comparison between experimenta
sults and theoretical predictions for LuNi2B2C. The top
frame shows the specific heat difference between super
ducting and normal stateDC(T)5Cs(T)2Cn(T). Theoreti-
cal calculations were done for an isotropic (^ak

2&50) and an
anisotropic case (^ak

2&50.03), and results with anisotrop
parameters between these values lie in between the num
cal results of Figs. 8~a!–8~c!. Considering impurity scatter
ing would bring the results of an anisotropic calculati
closer to the isotropic case.

The thermodynamic critical fieldHc(T) is calculated
from the free energy differenceDF

Hc~T!5A2DF/m0, ~8!

and the specific heat differenceDC is related toDF through

DC~T!52T
]2DF~T!

]T2 . ~9!

Strong coupling and anisotropy effects can be observed
the deviation function of the thermodynamic critical field

-

FIG. 7. Sommerfeld constants used in the theoretical descrip
compared to those obtained from specific heat measurements.
8-6
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D~T!5
Hc~T!

Hc~0!
2F12S T

Tc
D 2G . ~10!

Error bars of the experimental deviation function result fro
experimental error bars of the specific heat data and pri
rily from the extrapolation ofHc(T) to T→0. Anisotropy

FIG. 8. Specific heat differenceDC(T)5Cs(T)2Cn(T) ~a!,
thermodynamic critical fieldHc(T) ~b!, and deviation function
D(T) ~c! of LuNi2B2C compared to theoretical calculations for a
isotropic and an anisotropic case with^ak

2&50.03. The upper criti-
cal field ~d! is a fit to the experiment with anisotropy paramete
^ak

2&50.02 and 0.03.
10450
a-

effects push the deviation function towards the weak c
pling regime as shown in Fig. 8~c!. Even with the large error
bar attached to the experimental data, it becomes obv
that the BCS result is far off with its minimum at abo
23.7%.

The upper critical fieldHc2(T) was fit to the experimenta
data by describing the positive curvature atTc with the
Fermi velocity anisotropy parameter^bk

2& at a fixed mean
Fermi velocity^vF&, and by changing the anisotropy param
eter ^ak

2& of the electron phonon coupling strength to d

FIG. 9. Specific heat differenceDC(T)5Cs(T)2Cn(T), of
YxLu12xNi2B2C with x50.1, 0.5, 0.8, and 1 compared to theore
ical calculations for an isotropic and an anisotropic case with^ak

2&
50.03.

FIG. 10. Thermodynamic critical fieldHc(T) for the samples
with x50.1, 0.5, 0.8, and 1 compared to theoretical calculations
an isotropic and an anisotropic case with^ak

2&50.03.
8-7
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scribe the behavior of the experimental curve at lower te
peratures. The value of̂ vF& was taken from the
experimental result for the plasma frequency\vpl

5A4pe2vF
2N(0)/354.0 eV ~see Ref. 18! which results in a

mean Fermi velocity ^vF& of .0.283106 m/s for
LuNi2B2C.6 A reasonable fit of the experimental data wi
this value is achieved witĥak

2&50.02 and^bk
2&50.25. Ac-

cording to the thermodynamic properties, it would as well
possible to apply a higher anisotropy parameter, i.e.,^ak

2&
50.03. Error bars of the plasma frequency were not given
Ref. 18, and a change of 0.013106 m/s in^vF& is likely to be
within the experimental error range. For an anisotropy
rameter of^ak

2&50.03, one has to reduce^bk
2& and enhance

^vF& to compensate the change as depicted in the bot
frame of Fig. 8. The error bars of the experimental up
critical field result from the width of the transition in th
resistivity data.

Figures 9, 10, 11, and 12 show the results for the sam
with x50.1, 0.5, 0.8, and 1. Thermodynamic properties a
Hc2 of the whole series can be described with anisotro
parameterŝak

2& between 0.02 and 0.03, which is relative
small compared to the Fermi velocity anisotropy^bk

2& rang-
ing from 0.245 to 0.3 and is comparable to the electr
phonon anisotropy parameters of LaAl2 ~Ref. 25, ^ak

2&
50.01), Nb~Ref. 14,^ak

2&50.0335) and is smaller than th
anisotropy parameter of Nb3Sn ~Ref. 26, ^ak

2&50.08). The
Fermi velocity anisotropy parameters of YxLu12xNi2B2C are
obviously higher than those of LaAl2 (^bk

2&50.16), Nb

FIG. 11. Upper critical fieldHc2 of YxLu12xNi2B2C with x
50.1, 0.5, 0.8, and 1 compared to theoretical calculations for
isotropic cases witĥak

2&50.02 and 0.03.
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(^bk
2&50.118), and Nb3Sn (̂ bk

2&50.13). In comparing the
upper critical field of YNi2B2C to that of Y0.5Lu0.5Ni2B2C it
is obvious that the positive curvature ofHc2 at Tc is rather
pronounced in both samples. If theTc reduction had been
caused by impurity scattering the positive curvature ofHc2 at
Tc would have been gradually reduced with increasing i
purity concentration as was demonstrated by Weberet al.14

in their analysis of polycrystalline Nb. Such an effect c
certainly not be observed in our case.

D. Tc reduction in the series YxLu1ÀxNi2B2C

The reduction ofTc within the series cannot be describe
with impurity scattering in terms of Eliashberg theory b
cause this would require randomly distributed scattering c
ters. A substitution of Lu with Y or vice versa produce
inhomogeneities of the periodic potential only on the ra
earth lattice site, so that a random distribution can only
expected with small substitutions up tox50.1. If the Tc
reduction should be explained by inelastic impurity scatt
ing expressed by the scattering ratet1, it is restricted to the
condition that the electronic properties of the system, as, e
N(0), remain unchanged, which is not the case
YxLu12xNi2B2C ~see Fig. 13!. Thus, theTc-reduction within
the series cannot be attributed to inelastic impurity scatte
expressed byt1.

n-

FIG. 12. Deviation functionD(T/Tc) of YxLu12xNi2B2C with
x50.1, 0.5, 0.8, and 1 compared to theoretical calculations for
isotropic and an anisotropic case with^ak

2&50.03.
8-8
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The density of statesN(0) ~Fig. 13! was calculated using
the bare Sommerfeld constantg* 5g/(11l) and the num-
ber of atoms per cm3 nA in the approximationN(0)}nAg* .
Unlike the electron-phonon coupling factorl, g behaves as
Tc as a function ofx, therefore accounting for a similar be
havior of N(0). Hence, asl decreases with decreasing L
content,N(0) shows a minimum betweenx50 and 1. Ob-
viously, the behavior ofTc results from an interplay of the
coupling strength of electrons to phonons and the densit
states at the Fermi level. The latter is most likely due to
band broadening arising from theR-ion size mismatch which
washes out the maximum of the electronic density of sta
at the Fermi energy. TheN(0) values of the unalloyed com
pounds YNi2B2C ~4.14 states/eV f.u.! and LuNi2B2C ~3.94
states/eV f.u.! agree closely with the values of 4.31 and 4.
states/eV f.u., respectively, reported by Diviset al.27 from
calculations based on the density functional theory.

E. Thermodynamics andH c2 of La3Ni2B2N3Àd

The model spectrum of La3Ni2B2N32d ~Fig. 14! was ob-
tained in a similar manner as the spectra of the borocarb

FIG. 13. The critical temperatureTc , electron-phonon coupling
strengthl, Sommerfeld constantg, and density of statesN(0) as a
function of x for the series YxLu12xNi2B2C.
10450
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~Ref. 20! and is cut off at the local minimum at;50 meV.
After applying a coupling functiona2(v);vs with s
521/2, the spectrum was rescaled with a constant facto
give the critical temperatureTc511.73 K and a fixed
pseudopotentialm* 50.13. This results in a coupling
strength ofl51.02. With the Sommerfeld constantg524
mJ/mol K2, the thermodynamic properties were calculat
for an isotropic and an anisotropic clean limit case w
^ak

2&50.08 ~Fig. 15!. We note, that the clean limit approx
mation may, of course, be questioned because of the ra
high residual resistance reported in Ref. 5 where all d
used for the present analysis have been measured on
individual sample. Supposing the highr0.9 mV cm to be
intrinsic, we had to consider an impurity scattering ratet1

.10 meV which, however, did not allow to find any reaso
able set of parameters describing the experimental result
the upper critical field and specific heat. In the view of t
present Eliashberg approach, these data are compatible
scattering ratest1<1 meV indicating that the highr0.9
mV cm of La3Ni2B2N32d arises from scattering on the gra
boundaries rather than from an intrinsic scattering inside
grains which were shown by high resolution electron micr
copy ~HREM! to be practically free of defects on the HREM
scale.5

The upper critical magnetic fieldHc2(T) shown in Fig. 15
was fitted with the anisotropy parameter obtained from
analysis of the thermodynamic properties,^ak

2&50.08, a
mean Fermi velocitŷ vF&50.2253106 m/s and its anisot-
ropy parameter of̂bk

2&50.245. A fit to the experimental dat
with an anisotropy parameter of^ak

2&50.06 is included for
comparison. The mean Fermi velocity obtained in the ana
sis lies between the root mean square anisotropiesA^vx

2&
50.2923106 m/s andA^vz

2&50.1483106 m/s calculated by
Singh and Pickett.3 In contrast to the borocarbides a cons
tent description of the thermodynamic properties and the
per critical field can also be achieved withs50, which re-
sults in an electron-phonon coupling factorl50.87,
anisotropy parameterŝak

2&50.06 and ^bk
2&50.27, and a

mean Fermi velocity of̂ vF&50.23106 m/s. Different cou-
pling factorsl are obtained with different coupling function
a2(v);vs (s50,21/2) because, after rescaling the spect
functions to obtain the critical temperature of the system a
a pseudopotentialm* 50.13, the low-energy contributions t
a2F(v) are enhanced withs521/2 compared to the case o
s50. The coupling factorl obtained with the coupling func
tion a2(v);v0 is in good agreement with the estimatel
[g/gbs2150.85. In general, both descriptions (s50,
21/2) require a higher value for the anisotropy parame
^ak

2& compared to the borocarbides in order to describe
experimental data, because the agreement between th
and experiment improves with increasing^ak

2& as is clearly
demonstrated by the comparison with the specific-heat
ference, the thermodynamic critical field, and the deviat
function of La3Ni2B2N32d shown in Fig. 15. The rathe
large anisotropy of̂ak

2&.0.08 further explains the tempera
ture dependence of the upper critical field andHc2(0) of ;8
T comparable to that of LuNi2B2C, since^ak

2& has an en-
hancing effect onHc2.
8-9
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F. Comparison of YxLu1ÀxNi2B2C and La3Ni2B2N3Àd

The most distinctive feature of the borocarbide and
ronitride superconductors pointed out in previous papers5,28

is the temperature dependence of the electronic specific
in the superconducting state: While Y and LuNi2B2C exhibit
an almost cubic temperature dependence ofCeS(T),
La3Ni2B2N32d shows an approximately exponential beha
ior of CeS(T) close to the BCS predictions. Thu
La3Ni2B2N32d was supposed to be a weak-coupling BC
superconductor, because other characteristics of the su
conducting state of the boronitride such as the thermo
namic ratios~e.g.,DC/gTc51.4) and the deviation function
D(t) ~see Fig. 16! were also found to be much closer to th
BCS predictions than those of the borocarbides. The ab
analysis of the thermodynamic properties and the upper c
cal field, however, demonstrates that the difference betw
the thermodynamic ratios and the deviation function of
borocarbides and the boronitride arises from a larger ani
ropy of the electron-phonon interaction in the latter rath
than from a smaller coupling strength (l.0.87 or 1.02
for La3Ni2B2N32d compared to l.1.0221.22 for
YxLu12xNi2B2C). The different temperature dependence

FIG. 14. Spectral densitya2F(v) used in the analysis o
La3Ni2B2N32d obtained from a model phonon spectrum, which w
rescaled to give the critical temperature of the sampleTc511.73 K
and for a fixed pseudopotentialm* 50.13.
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the heat capacity in the superconducting state—cubic in c
of the borocarbides—cannot be explained by our Eliashb
calculations which fit the specific heat differenceDC5Cs
2Cn , but not the absoluteCeS(T), of, e.g., YNi2B2C de-
picted in Fig. 17 as a semilogarithmic plot ofCeS/gTc ver-
sus the inverse reduced temperatureTc /T. As the gap ob-
tained by the above calculations is free of nodes, it yields
exponential temperature dependence forCeS(T) which be-
comes linear in the semilogarithmic representation. This is
contrast to the experimental result for YNi2B2C which ex-
hibits a pronounced curvature in this plot indicative for
power law. In Sec. IV C we noted, that a satisfactory desc
tion of the thermodynamic properties of the borocarbides
in particular their thermodynamic critical field is onl
achieved when the calculations are performed with gam
values of about 5% smaller than the experimental values.
adding a linear contribution corresponding to the 5% of
normal state gamma value~1.1 mJ/mol K2) omitted before,
an improvement of the temperature dependence of the ca
latedCeS(T) is achieved~dashed line in Fig. 17!. These ad-

FIG. 16. Deviation functions D(T/Tc)5D(t) vs t2 of
YxLu12xNi2B2C and La3Ni2B2N32d . The BCS result~solid line!
was added for comparison.
-
ith
FIG. 15. Specific heat differenceDC(T)
5Cs(T)2Cn(T), thermodynamic critical field
Hc(T), and magnetic deviation functionD(T) of
La3Ni2B2N32d compared to theoretical calcula
tions for an isotropic and an anisotropic case w
^ak

2&50.08. The upper critical field is a fit to the
experiment with anisotropy parameterŝak

2&
50.06 and 0.08.
8-10
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ditional electronic contributions may be attributed to a n
mal state impurity phase and/or to contributions from
small electron pocket, for which Terashimaet al.24 proposed
a significantly reduced gap. The latter argument is suppo
by the specific heat results obtained on a single cry
YNi2B2C by Noharaet al.10 which are included in Fig. 17
for comparison. For temperaturesTc /T between 1 and 5
~i.e., T515.5– 3 K! both experimental data sets are in rath
good agreement, but clearly deviating from our calculatio
Below about 3 K anexponential temperature dependence c
be resolved from the data of Noharaet al.10 This may be
attributed to the small gap on the electron pocket which
be identified as the third Fermi surface sheet detected
Dugdaleet al.7,24 The third Fermi surface sheet was not co
sidered in our calculations because its contribution appe
to be negligible in Cs2Cn . The exponential low-
temperature behavior ofCeS in particular for the polycrystal-
line YNi2B2C is covered by a linear electronic contributio
from small amounts of a secondary phase of about 0.4~2!
mJ/mol K2. Although this contribution is significantly re
duced in the samples of the pseudoquaternary system
overall feature of the semilogarithmic plot is preserved. A

FIG. 17. Electronic specific heat in the superconducting s
Ces(T)/gTc vs the inverse reduced temperatureTc /T in a semi-
logarithmic plot. The solid line was calculated by adding the norm
state contributiongcT to the specific-heat difference between t
superconducting and normal stateDC obtained from the
Eliashberg-equations. The data of Noharaet al.10 are labeled by
filled triangles.
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cordingly the conclusions concerning the reduced gap on
third Fermi surface sheet can also be drawn
YxLu12xNi2B2C.

V. CONCLUSIONS

Model phonon spectra obtained from specific heat m
surements, rescaled to give the critical temperatures of
system and for a Coulomb-pseudopotential value ofm*
50.13, resulted in coupling strengthsl ranging from 1.02
for YNi2B2C to 1.22 for LuNi2B2C. We were able to show
that a consistent description of the thermodynamic proper
and the upper critical field of the series YxLu12xNi2B2C and
the boronitride La3Ni2B2N32d within the Eliashberg theory
is achieved only, if anisotropy effects of the electron-phon
coupling and of the Fermi velocity are included. Excelle
agreement between theory and experiment was achieve
the analysis of the series YxLu12xNi2B2C with anisotropy
parameters^ak

2&50.02– 0.03 and^bk
2&50.245– 0.3. The

model spectral functions for La3Ni2B2N32d yielded coupling
factorsl51.02 (s521/2) andl50.87 (s50) comparable
to those of YxLu12xNi2B2C. The thermodynamic propertie
and the upper critical field are well described with^ak

2&
50.08 and^bk

2&50.245 (s521/2) or ^ak
2&50.06 and^bk

2&
50.27 (s50). For La3Ni2B2N32d it is of importance to in-
clude anisotropy in order to describe its upper critical fie
and—in contrast to the borocarbides—its thermodynam
properties.

Coupling and impurity effects are not capable of expla
ing the Tc behavior within the series YxLu12xNi2B2C. The
behavior ofg as a function ofx suggestsN(0), aside froml,
to be the reason for the minimum inTc(x), which is con-
firmed by an approximate calculation ofN(0) from g. The
approximately cubic temperature dependence ofCeS(T) of
the borocarbides cannot be accounted for by the cur
Eliashberg calculations due to a small gap of the third Fe
surface sheet. This contribution, however, is suppresse
DC and therefore the Eliashberg calculations are in go
agreement with the related experimental thermodyna
properties.
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