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Effect of Ni-site substitutions in superconducting La3Ni2B2N32d
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We investigated the effect of Ni/Co and Ni/Cu substitutions upon the superconducting and normal state
properties of La3(Ni12xMx)2B2N32d ~M5Co, Cu!. X-ray and neutron diffraction studies reveal a limited solid
solubility for Cu: (0,xCu<0.1) and single phase compounds for 0,xCo<0.3. From ac-, dc-susceptibility, and
specific heat measurements we determinedTc , the bare density of states at the Fermi energyN(Ef), the
electron-phonon mass enhancementl, and the Stoner enhancement factorS, as a function ofx. Superconduc-
tivity is suppressed to below 1.5 K for La3~Ni0.7Co0.3!2B2N32d while for Ni/Cu substitution only the initial
depression rate,dTc /dx.20.23 K/~mol % Cu), could be determined. The results clearly show that the sup-
pression of superconductivity is primarily caused by the reduction ofN(Ef) concomitant with a fall of the
coupling strengthl, while there are no hints for other effects like magnetic pair breaking. The comparison with
the results reported for Y(Ni12xCox)2B2C shows that the electronic changes induced by Ni/Co substitution are
very similar in both systems.@S0163-1829~98!04045-4#
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I. INTRODUCTION

La3Ni2B2N32d is superconducting~SC! below 12 K and
crystallizes in the body-centered tetragonal structure c
sisting of Ni2B2 layers built from NiB4 tetrahedra sep
arated by three LaN rocksalt-type layers and belongs to
family of new lanthanum nickel boronitrides (LaN)nNi2B2
with n52,3.1,2 Both quaternary boronitride compound
are isostructural with the homologous borocarbide se
(YC)nNi2B2 (n51, . . . ,4).3 Their structure is body-centere
~for n odd! or simple tetragonal~for n even! with n LaN or
YC rocksalt-type layers. While the two layer compou
LaNiBN is a normal conducting metal down to 4.2 K, w
characterized La3Ni2B2N32d (Tc.12 K) as a weak-coupling
BCS superconductor.4

For the borocarbide superconductors Ni/Co substituti
e.g., in Y(Ni12xCox)2B2C, yields a drastic decrease o
Tc ,5–8 while in the case of the nonsuperconducting YNiB
compound superconductivity could be recovered by pro
Ni/Cu substitution~Tc.8 K for YNi0.4Cu0.6BC!.9 The aim of
this paper addresses the question of whetherTc could be
raised by proper metal substitutions in the triple layer boro
trides.

II. EXPERIMENTAL

Polycrystalline samples were arc melted from lanthan
ingots ~Auer-Remy, D, 99.9%!, Co, Ni, and Cu powder or
ingots ~Alfa-Ventron, D, 99.9%!, hexagonal boron nitride
powder ~Johnson Matthey & Co., GB, 99.8%! and 11BN
powder ~98% enriched11B, chemical purity.98%, Cen-
tronic Ltd., Crydon, GB!. Details of the melting and annea
ing procedure were given in a previous report.4 A large
PRB 580163-1829/98/58~22!/15045~8!/$15.00
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specimen of La3~Ni0.7Co0.3!2
11B2N32d (.5 g) with isotope

enriched11BN powder was prepared for neutron investig
tions. A small quantity of each sample was powdered un
cyclohexane, sealed in thin quartz capillaries and expose
Cr-Ka radiation (lKa1

50.228970 nm) in a Debye-Scherre
camera. Precise lattice parameters were determined by m
of a least squares refinement of Guinier-Huber photogra
with Cu-Ka1 radiation (l50.1540562 nm) using an interna
Ge standard,aGe50.5657906 nm.

Neutron powder diffraction at 300 K was performed at t
ORPHEE 14 MW reactor~CEA-Saclay! using the 3T2
double-axis multidetector neutron powder diffractome
~wavelength ln50.1227 nm, resolutionDd/d>431023,
see Ref. 10!. Preferred orientation effects were minimized b
powdering the sample in a steel mortar to a grain size sma
than 30mm. Further details concerning the experiment a
given in Sec. III A ~see Table II!. Precise atom parameter
occupation numbers, individual isotropic thermal facto
and profile parameters were derived from a least squares
matrix Rietveld refinement routine.11,12 Neutron scattering
lengths were taken from a recent compilation by Sears.13

Ac- and dc-susceptibility measurements were perform
in a calibrated ac susceptometer~80 Hz and field amplitudes
up to 1 mT! and in a 6 Tsuperconducting quantum interfe
ence device magnetometer, respectively. Specific heat m
surements in the temperature range 1.5–80 K and with m
netic fields up to 9 T were carried out on 2–3 g sample
employing a quasiadiabatic step heating technique.

III. RESULTS

A. Crystallographic characterization

X-ray photographs of La3(Ni12xCox)2B2N32d with x
50 – 0.3 and La3~Ni0.9Cu0.1!2B2N32d revealed an intensity
15 045 ©1998 The American Physical Society
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15 046 PRB 58H. MICHOR et al.
pattern which was successfully and completely indexed
the basis of the crystal structure of La3Ni2B2N3 ~see Ref. 14!
in combination with small amounts of secondary pha
~mainly unreacted BN!. Samples with the nominal compos
tion La3(Ni12xCux)2B2N32d with a larger Cu content~x
50.2, 0.3! were found to be multiphase indicating that t
solubility of copper is significantly lower than that of coba
for which even a La3Co2B2N3 phase was reported.15 At-
tempts to prepare samples with a nominal composit
LaTBN11x and La3T2B2N21x where Ni should be replace
by the 4d or 5d metal Pd or Pt yielded multiphase sampl
whose x-ray patterns could not be indexed. We note the
sence of superconductivity down to 4.2 K even in traces

The lattice parameters obtained for the single phase sp
mens of the series La3(Ni12xMx)2B2N32d with M5Co and
Cu are collected in Table I. The remarkable trends outlin
in Fig. 1 are the counteracting variation of thea andc lattice
parameters ~d ln a/dx.13.431023 and d ln c/dx.216
31023 taking x to be negative for Cu! which was also ob-
served in the Lu(Ni12xCox)2B2C system16 and as an effec
of rare-earth substitution in the borocarbides.17 There is a
slight increase of the volume when Cu replaces the Ni ato
but V decreases upon Co substitution (d ln V/dx.210
31023). Both effects, the anomalous variation of the latti
parameters and the corresponding volume change can n
explained by the simple argument of chemical pressure
seems that in the case of Ni/transition-metal substitution
La3Ni2B2N32d the atomic volumes of the 3d elements dis-
card their usually observed anomaly for Mn, Fe, Co a
seem to correlate well with the 4d, 5d series revealing for
the ‘‘normal’’ 3d series a pronounced minimum at sixd
electrons (VFe,VCo,VNi,VCu,VZn); see Ref. 18.

TABLE I. The lattice parameters of La3(Ni12xMx)2B2N32d ob-
tained from the Guinier-Huber photographs.

Mx a ~nm! c ~nm! V (nm3) c/a

0.3721~3! 2.0520~5! 0.2842~1! 5.51
Co0.1 0.37226~3! 2.049~1! 0.2840~2! 5.51
Co0.2 0.37232~3! 2.045~1! 0.2835~1! 5.49
Co0.3 0.372551~4! 2.042~1! 0.2834~1! 5.48
Cu0.1 0.37205~4! 2.0553~7! 0.2845~1! 5.52

FIG. 1. The variation of the lattice parameters and the volume
La3(Ni12xMx)2B2N32d with M5Co to the right andM5Cu on the
left hand side.
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The result of the structure refinement of the neutron po
der diffraction data of La3~Ni0.7Co0.3!2

11B2N32d is listed in
Table II and compares well with the data for th
La3Ni2B2N32d parent compound~neutron data by Huang
et al.14!. The interatomic distances reflect the typical bondi
characteristics of the La3Ni2B2N32d structure type, for which
the tetragonal double pyramids@La5B#N, the octahedra
@La6#N and the archimedian antiprisms@La4Ni~Co!4#B were
identified as the essential structural chemical units form
around the nonmetal atoms~see Ref. 4!. The refinement of
the nitrogen positions in La3Ni2

11B2N32d by Huanget al.14

as in La3~Ni0.7Co0.3!2
11B2N32d yields a full occupation of the

4e site but a;10% vacancy of the 2b site located in the
central layer of the (LaN)3 rock-salt type block. Thus,d
'0.1 remains rather constant within the La3~Ni, Co!2B2N32d
series. The inverse variation of thea andc lattice parameter,
i.e., the accommodation of the B-Ni-B bond angle seems
correlate with the number ofd electrons on the Ni site.

B. Susceptibility and specific-heat measurements

The SC transition temperatures as well as the Meiss
fractions were checked by ac-susceptibility measureme
~see Fig. 2! on roughly bar shaped samples. The reprod
ibility of the Tc values of separately prepared La3Ni2B2N32d
specimens is (11.7)60.5 K. As bandstructure calculation
by Mattheiss20 showed that the electronic density of states
the Fermi energyN(Ef) is rather sensitive to a N-deficienc
d, we suppose that variations of the overall nitrogen stoic
ometry may effectTc by about60.5 K. For clarity, we show
only the data of one La3Ni2B2N32d sample~see also Ref. 4!,
because the small variation ofTc does not effect the discus
sion below.

La3~Ni0.7Co0.3!2B2N32d is not superconducting down t
1.8 K while all other samples show bulk superconductiv
with a diamagnetic signal which is in agreement with t
value expected for perfect shielding~taking into account the
demagnetization due to the macroscopic sample geom
D;0.15– 0.25!. Hence, Co substitution causes a systema
suppression of superconductivity in La3Ni2B2N32d , without
a significant broadening of the transition. The approxim
slope of Tc versus the Co concentration isdTc /dx
.20.3 K/~mol %Co!. A reduction of Tc is also seen for
La3~Ni0.9Cu0.1!2B2N32d .

f

FIG. 2. Real and imaginary part of the ac susceptibilityx of
La3(Ni12xMx)2B2N32d measured with an 80 Hz ac-field amplitud
of 200 A/m.
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TABLE II. Neutron structure refinement data of La3(Ni0.7Co0.3)2B2N32d and La3Ni2B2N32d ; details of the experiment and the variou
reliability factors are included.I i is the integrated intensity of reflectioni , Yi is the number of counts~background corrected! at 2Q, wi is
the weighting function;c is the scale factor,N is the number of points in the pattern,P are the refined parameters, andC are the constraint
functions.

La3Ni2B2N3—Type,Z52; Space GroupI4/mmm—D4h
17 , origin at center;

standardized settings calculated with programSTRUCTURE TIDY ~Ref. 19!.

Parameter/Compound
La3Ni2B2N3

~data after Ref. 14!
La3(Ni0.7Co0.3)2B2N3

~this work!

Neutron wavelength ln50.1417 nm ln50.1227 nm
Absorption correction mR50.13 mR50.08
2Q-Range@deg.# 11–135, steps 0.05° 18.5–125.7, steps 0.05°
Number of reflections in refinement 176
Number of variables in refinement 23
Residual values:
Re5@(N2P1C)/(v iYi

obs2#1/2 0.052
x25(RwP /Re)

2 1.90 4.84

RP5( UYi
obs2

1

c
Yi

calcUY ( Yi
obs

0.057 0.082

RF5( UI i
obs1/22

1

c
I i

calc1/2UY ( I i
obs1/2

0.056

RI5( UI i
obs2

1

c
I i

calcUY ( uI i
obsu

0.065

Preferred orientation 20.05(1), @110#
Lattice parameters@nm# a50.37251(1) a50.37230(1)

c52.05172(4) c52.04289(8)
Atom parameters

La1 in 4e (0,0,z) z50.3705(1) z50.3698(1)
Beq(Biso)102 in nm2 0.43~5! 0.20~4!

La2 in 2a ~0,0,0! Beq50.60(7) 0.20~4!

(Ni0.7Co0.3) in 4d ~0,0.5,0.25! 0.64~3! 0.41~5!

N1 in 4e (0,0,z) z50.1246(1) z50.1244(1)
Beq(Biso)102 in nm2 0.58~5! 0.64~5!

N2 in 2b ~0,0,0.5! occ.50.92~1! occ.50.89~1!

Beq(Biso)102 in nm2 0.5~1! 0.64~5!

B in 4e (0,0,z) z50.1946(2) z50.1964(2)
Beq(Biso)102 in nm2 0.76~4! 0.62~6!

Interatomic distances
in nm (60.0006 nm)

La3Ni2B2N3

data after Ref. 14
La3(Ni0.7Co0.3)2B2N3

this work

La1 24La1 0.3719 0.3723
24La2 0.3738 0.3743
24Ni 0.3093 0.3075
24B 0.2949 0.2959

24N1 0.2632 0.2635
21N2 0.2656 0.2660

La2 28La1 0.3738 0.3723
24La2 0.3719 0.3743
22N1 0.2556 0.2542
24N2 0.2630 0.2633

Ni 24La1 0.3093 0.3075
24Ni 0.2630 0.2633
24B 0.2179 0.2160

B 24La1 0.2949 0.2959
24Ni 0.2179 0.2160
21N1 0.1436 0.1470

N1 24La1 0.2632 0.2635
21La2 0.2556 0.2542
21B 0.1436 0.1470

N2 22La1 0.2656 0.2660



15 048 PRB 58H. MICHOR et al.
TABLE II. ~Continued!.

Interatomic distances
in nm (60.0006 nm)

La3Ni2B2N3

data after Ref. 14
La3(Ni0.7Co0.3)2B2N3

this work

24La2 0.2630 0.2633
Bonding angles, in degrees
N-B-Ni 121.39 120.48
Ni-B-Ni 74.25 75.09
B-Ni-B 117.21 119.04
B-Ni-B 105.75 104.91
N-B-La 63.08 62.82
ie
-
th
rt

tiv
-

a
e

a

in

d

he

p

m

er

ifi

ci

an

a
a

he
s

-
e 10
ties
s.
en-

of

De-

s the
e
gy
-

non

-

C
t

The normal state static susceptibility of the ser
La3(Ni12xCox)2B2N32d studied by dc-magnetization mea
surements is shown in Fig. 3. A reasonable description of
data is obtained by the combination of a Stoner-Wohlfa
susceptibility and a Curie-Weiss termx(T)5x0(11aT2)
1C/(T2Q), yielding x0 values ranging from 4.1– 5.4
31027 emu/g. For all samples except that with Cu0.1 we
obtain similar Curie constants,C;631026 emu K/g, and
paramagnetic Curie temperatures of the order of210 K.
This paramagnetic contribution corresponding to an effec
magnetic momentmeff.0.16(2)mB /f.u. is of the same mag
nitude as that found in Y~Ni, Co!2B2C ~e.g., Ref. 8! and can
be attributed to paramagnetic impurities rather than to be
intrinsic property of the boronitride and borocarbide phas
The susceptibility of La3~Ni0.9Cu0.1!2B2N32d shows a signifi-
cantly larger paramagnetic contribution corresponding to
effective moment,meff.0.3mB /f.u., which indicates that the
sample quality is not as good as that of the~Ni, Co! series.
This could be related to the limited solubility of copper
this compound. Nevertheless,x0.4.1531027 emu/g is very
close to the values obtained for La3Ni2B2N32d and
La3~Ni0.9Co0.1!2B2N32d . The variation ofx0 yields different
trends as the electronic specific heat shown below an
discussed in Sec. IV.

The low-temperature specific heat results of t
La3(Ni, M )2B2N32d series are depicted in Fig. 4 in aCp /T
vs T2 representation. In accordance with the susce
ibility data all samples @except non-SC
La3~Ni0.7Co0.3!2B2N32d# show a second order transition fro
the SC to the normal state heat capacity,Cp5Ce1Cph
.gT1bT3, whereg is the Sommerfeld parameter andb is
related to the low-temperature value of the Debye temp
ture by QD

LT5(1944310/b)1/3. For La3Ni2B2N32d and
La3(Ni0.9M0.1)2B2N32d ~M5Co, Cu! high-field data~9 T,
not shown! were used to analyze the normal state spec
heat, because SC is fully suppressed by the applied field.4 By
a low-temperature linear fit of the normal state heat capa
Cp /T(T2) we determined theg andQD

LT values summarized
in Table III which also includes the thermodynamic me
value of the transition temperaturesTc and the height of the
specific heat jumpsDC[Cs(Tc)2Cn(Tc). The latter two
values are obtained by idealizing the second order anom
under the constraint of entropy balance between the SC
the normal state to an infinitely sharp transition.

The overall temperature dependence of the specific
Cp /T(T) is shown in Fig. 5. Within the serie
s
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La3(Ni12xMx)2B2N32d there is hardly a change of the tem
perature dependence of the lattice heat capacities abov
K. Even at 80 K the absolute values of the heat capaci
differ mainly due to the different electronic contribution
This indicates that the spectral moment of the phonon d
sity of statesF(v) which is v̄2.333 K for La3Ni2B2N32d

~see Ref. 4! remains rather unchanged. Hence, the effect
Ni-site substitution upon the phonon density of statesF(v)
is less pronounced than indicated by the increase of the
bye temperatureQD

LT values derived from the low-
temperature regime~see Table III!. Note, the overall tem-
perature dependence of the lattice heat capacities reflect
full phonon spectrumF(v), whereas the low-temperatur
QD

LT values are primarily a measure for the low-ener
~acoustic, smallq! phonon modes which may show a tem
perature dependence due to the electron-pho
interaction.21 In a previous work,4 we pointed out that the
slope of the normal state heat capacityCp /T vs T2 of
La3Ni2B2N32d changes significantly at aboutTc/2 indicating
that QD

LT increases from 303 K~determined in the tempera
ture interval 2–5 K! to about 345 K~at 7–12 K!—such a
kind of behavior was also reported for Nb3Sn.22 The normal
state heat capacity of La3(Ni0.9M0.1)2B2N32d ~M5Co, Cu!
also indicates a small increase ofQD

LT by about 10 K, but this
kind of feature does not show up in non-S
La3~Ni0.7Co0.3!2B2N32d ~see Fig. 4!. Hence, we suggest tha
the pronounced increase ofQD

LT ~from 303 to 372 K! is

FIG. 3. The static susceptibilityxdc of La3(Ni12xCox)2B2N32d

measured at a field of 1 T; the solid lines are the resulting fits~see
text!.
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partly related to a weakening of electron-phonon interacti
and to a~minor! lattice stiffening~345 to 372 K! due to mass
and/or volume reduction.

IV. DISCUSSION

In the specific heat results presented in Sec. III B
Co~Cu! substitution yielded a clear reduction of the norm
state electronic heat capacityCel5gT which is related to the
electronic density of states at the Fermi levelN(Ef) by

Cel~T!5gT5
p2

3
kB

2~11l!N~Ef !T, ~1!

wherel is the enhancement of the effective electron m
due to the electron-phonon interaction. In the case
La3Ni2B2N32d a comparison of the measuredg
526 mJ/mol K2 with the gbs value according to the calcu
lated bare density of states givesl[g/gbs2150.85, a
value which is also obtained with the McMillan formula23

Tc5
QD

1.45
expS 2

1.04~11l!

l2m!~110.62l! D , ~2!

whereTc511.7 K, QD5303 K, andm!.0.13 yields again
l.0.85~see also Ref. 4!. Hence, the significant reduction o
the electronic specific heat due to Co doping is caused b
reduction of the density of statesN(Ef) and/or the decreas
of the electron-phonon mass enhancementl which is obvi-
ous from the decrease ofTc . In order to disentangle thes
two effects, we evaluatedl with relation 2~using the com-
mon approximation for the Coulomb pseudopotentialm!

FIG. 4. The low-temperature specific heatCp /T vs T2 of
La3(Ni12xMx)2B2N32d ~M5Co, Cu! measured in zero field.

TABLE III. Characteristic values obtained from the superco
ducting and normal state specific heat data
La3(Ni12xMx)2B2N32d ~see text!.

Mx

Tc

~K!
g

(mJ/mol K2)
QD

LT

~K!
DC

~J/mol K!

11.7 26~1! 303~3! 0.43~2!

Co0.1 8.35 20.5~8! 352~3! 0.25~2!

Co0.2 3.85 15~2! 362~4! 0.08~1!

Co0.3 ,1.5 14~2! 372~5!

Cu0.1 9.40 24.5~5! 347~3! 0.30~2!
s

/
l

s
f

a

.0.13! and accordingly obtained the bare density of sta
N(Ef) from relation 1. Both, the electronic density of stat
N(Ef) and thel values summarized in Table IV account fo
the reduction of theg value with increasing Co conten
There is a further relation between the electronic density
states and the electron-phonon coupling strength param
given by

l5
N~Ef !^I

2&
M v̄2

2 ~3!

with ^I 2& the average of the electron-phonon matrix eleme
and M the mean atomic mass.23 In the case of
La3~Ni0.9Cu0.1!2B2N32d the relative change of theN(Ef) and
l value with respect to La3Ni2B2N32d is too small to check
the applicability of relation ~3!. However, for the
La3(Ni12xCox)2B2N32d series it is obvious that the electron
phonon mass enhancementl scales clearly with the elec
tronic density of statesN(Ef) while changes of the mea
matrix element̂ I 2& and the characteristic frequencyv̄2 are
of minor importance. Hence, we conclude that the supp
sion of superconductivity in La3(Ni12xCox)2B2N32d is pri-
marily related to the reduction ofN(Ef).

Band structure calculations by Mattheiss,20 Singh and
Pickett24 revealed for La3Ni2B2N3 that essentially two band
manifolds contribute toN(Ef): broad ~dispersive! Ni-B-N
s-p bands and relatively narrow~flat! Ni-3d bands. While
Ni/Co~Cu! substitution may hardly effect thes-p manifold,
there is a shift of the Fermi levelEf relative to the

FIG. 5. The specific heatCp /T(T) of La3(Ni12xMx)2B2N32d

~M5Co, Cu!. For clarity, the curves are sequently shifted
0.05 J/mol K2 as labeled, i.e., the lowest curve corresponds
La3~Ni0.7Co0.3!2B2N32d and the uppermost curve represen
La3Ni2B2N32d having added 0.2 J/mol K2.

-
f

TABLE IV. The estimated bare electronic density of state
N(Ef) of La3(Ni12xMx)2B2N32d ~assuming the band mass to b
close to 1!, and the electron-phonon mass enhancementl values.

N(Ef)
~states/eV cell! l

La3Ni2B2N32d 6.0~2! 0.85~5!

La3~Ni0.9Co0.1!2B2N32d 5.1~2! 0.71~5!

La3~Ni0.8Co0.2!2B2N32d 4.1~2! 0.56~5!

La3~Ni0.7Co0.3!2B2N32d ;3.8 <0.47
La3~Ni0.9Cu0.1!2B2N32d 6.0~2! 0.75~5!
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Ni/Co~Cu!-3d bands. The above reports20,24 further suggest
that the Fermi level of La3Ni2B2N3 lies at~or close to! a local
maximum of N(E). Hence, in a simple rigid band pictur
Ni/Co ~Ni/Cu! substitution is expected to reduce~raise! the
Fermi energyEf relative to this local maximum, i.e., th
calculated shape ofN(E) implies a reduction ofN(Ef) for
Ni/Co and~less pronounced! for Ni/Cu substitution which is
in agreement with the experimental results summarized
Table IV.

Concerning the structurally related borocarbides
pointed out in the introduction that Ni-site substitution stu
ies on the ‘‘single layer’’ superconductors5–8 YNi2B2C and
LuNi2B2C revealed a pronounced reduction ofTc ~see Fig. 6
for a comparison of theTc variation in the borocarbides an
boronitrides!. On the other hand in the case of normal co
ducting ‘‘two layer’’ YNiBC superconductivity up to 8 K
could be induced by Ni/Cu substitution.9 Hence, Cu substi-
tution in thesingle- andtwo-layerborocarbides yields oppo
site effects uponTc . In the scope of the rigid band argumen
however, these effects are well in line with the band struct
results25 which suggest that the Fermi level of Y~Lu!Ni2B2C
coincides with a narrow peak in the density of states w
N(Ef);4 states/~eV cell!, while in the case of Y~Lu!NiBC
Ef is situated below the corresponding maximum andN(Ef)
is just about 1.2 states/~eV cell!, i.e., a shift of the Fermi
level out of the EDOS maximum~minimum! goes in hand
with a decrease~raise! of the transition temperature which
clearly observed in the corresponding experiments
Y~Ni/Co, Cu!2B2C and Y~Ni/Cu!BC as well as in the presen
study on the nitrides.

For the borocarbides susceptibility studies5,8 and a com-
bined specific heat and susceptibility investigation7 of the
Ni-site substitution effect were reported with the conclus
that the suppression of superconductivity upon Co dop
can primarily be traced back to the reduction ofN(Ef) and a
~minor! change ofQD

LT . Thus it is obvious that the effect o
Ni/Co substitution, in particular the mechanism which lea
to the suppression of superconductivity in Y(Ni12xCox)2B2C
and La3(Ni12xCox)2B2N32d is rather similar, i.e., primarily
governed by the reduction of the EDOS at the Fermi lev
From the variation of the enhanced Pauli susceptibi

FIG. 6. Comparison of the Tc variation in
La3(Ni12xMx)2B2N32d and Y(Ni12xMx)2B2C ~M5Co, Cu!. The
data of the latter are taken from Refs. 7, 8.
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SxPauli and the asymmetry ofTc as a function of the Co and
Cu concentration in the borocarbides~see Fig. 6! it was ar-
gued by Gangopadhyay and Schilling8 that the Stoner en-
hancement factorS51/@12IN(Ef)# should be larger for Cu
than for Co substitution, if the intra-atomic exchangeI is the
same in both systems. However, they found that for a gi
value ofSN(Ef) the Cu substituted compounds have a s
nificantly higherTc than those with Co indicative for a stron
ger electron phonon coupling in the former. To disentan
the influence of the Stoner enhancement and the elect
phonon coupling strength we use the results of the heat
pacity measurements to analyze the susceptibility data.

The weak temperature dependent ‘‘Stoner Wohlfart
susceptibilityx0(11aT2) obtained from the fit including a
Curie Weiss law contains contributions from the core d
magnetism, the Landau diamagnetism and the enhan
Pauli paramagnetism

x0~T50!5xcore1xLandau1SxPauli ~4!

with xPauli5mB
2N(Ef) and xLandau52mB

2N(Ef)/3(11l)2.
The value forxcore is estimated using the data of Ref. 26
be 21.4231027 emu/g. Hence, one expects thatx0 varies
in a similar way asN(Ef) as a function of the Ni/Co substi
tution which is indeed observed for the borocarbides by H
llwarth et al.7 However, the opposite trend is observed he
in the boronitrides indicating that the Stoner enhancem
factor grows with rising Co content forx.0.1. The relations
above allow the evaluation of the Stoner enhancement fa

S5
x02xcore

mB
2N~Ef !

1
1

3~11l!2 ~5!

using the data forl and the bare density of statesN(Ef)
given in Table IV. With the Stoner factor we further obta
an ~average! value for the intra-atomic exchangeI related to
one unit cell. The results are listed in Table V together w
the experimental values ofx0 and the effective moment
meff , derived from the Curie constant. It is worth noting th
the effective moments are of the same magnitude as th
observed in the borocarbides and appear to be rather i
pendent of the Co content while that of the Cu sample is
a factor of 2 larger. The latter can be associated with
reduced solubility range of Cu—as mentioned above
giving rise to a larger impurity content. On the other hand
both the Co and Cu samples withx50.1 the value ofx0 is
slightly reduced as expected but increases forx.0.1 yield-
ing growing Stoner enhancement factors.

The reanalysis of the susceptibility and specific heat d
of Hoellwarthet al.7 taking into account the Stoner enhanc
ment by the same procedure as above gives also slig
increasing S values for Y(Ni12xCox)2B2C ~Sx5051.7,
Sx50.151.8, andSx50.251.9!. Note theS value of the parent
compound is in fair agreement with bandstructu
calculations27,28(S51.3– 1.78). For a given intra-atomic ex
changeI the Stoner enhancementS51/@12IN(Ef)# should
decrease with fallingN(Ef), in contrast to the observatio
for Y(Ni12xCox)2B2C and La3(Ni12xCox)2B2N32d , thus we
have to conclude that an enhanced intra-atomic exchangeI is
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TABLE V. Comparison of the experimental values ofx0 with the Pauli susceptibilityxPauli, corresponding to the bare density of stat
N(Ef), yielding the Stoner factorS and the intra-atomic exchangeI of La3(Ni12xMx)2B2N32d . Themeff values account for contributions o
paramagnetic impurities.

Mx

meff

(mB /f.u.)

x0 xPauli

S
I

~eV!(31027 emu/g)

0.18 4.35~5! 3.25 1.9 0.08
Co0.1 0.14 4.10~5! 2.76 2.1 0.10
Co0.2 0.17 4.81~5! 2.22 2.9 0.16
Co0.3 0.14 5.40~5! ;2.06 ;3.5 ;0.19
Cu0.1 0.33 4.14~9! 3.25 1.8 0.07
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responsible for the increase ofS with growing Co content as
demonstrated by theI values given in Table V. The compar
son of dS/dxCo of the boronitride and the borocarbide sy
tem shows that the increase ofS is damped by the stronge
decrease ofN(Ef) in the latter, becauseI;0.08 eV for both
La3Ni2B2N32d and YNi2B2C and increases byDI /Dx
.4 meV/~mol % Co) for La3~Ni0.8Co0.4!2B2N32d andDI /Dx
.6 meV/~mol % Co) for Y~Ni0.8Co0.4!2B2C @N(Ef) taken
from Ref. 7#. Of course, in the case of Cu substitution t
intra-atomic exchange and in consequence the Stoner
hancement of the Pauli susceptibility should be weaken
because of filling up thed band.

The analysis of the correlations betweenTc , N(Ef), and
l of the La3(Ni12xCox)2B2N32d series clearly shows tha
magnetic pair-breaking effects do not play a role, beca
their contribution to the suppression of superconductiv
would be in addition to the effect of the reduction ofN(Ef)
and the concomitant decrease of the coupling strengtl
which is already sufficient to explain the total reduction
Tc . Hence, the increase of the Stoner enhancement doe
give rise to the appearance of magnetic fluctuations at l
up tox<0.3 and the asymmetry between the reduction ofTc
and the Pauli susceptibility of Y(Ni12xMx)2B2C ~M5Co,
Cu; see Ref. 8! has to be attributed to a decrease of t
Stoner enhancement on the Cu side rather than to occurr
of pair breaking on the Co side.

The comparison of the effect of Ni-site substitution
Co and Cu in La3Ni2B2N32d and YNi2B2C, in particular
the similarity of DI /Dx and DN(Ef)/Dx;20.10
states/~eV f.u. mol % Co! for the nitride very close to
20.13 states/~eV f.u. mol % Co! for the borocarbides,7 indi-
cates that the electronic properties~band structure related t
d electrons! of the Ni2B2 layers is more or less the same
both systems. The significantly higherTc values of the bo-
rocarbides~e.g., 16 K of LuNi2B2C! have to be attributed to
the stronger electron-phonon coupling due to soft phono29

rather than to a higher density of states~per atom!. Note, the
bare density of statesN(Ef) of LaPt1.5Au0.5B2C with Tc
;11 K as in the boronitride is just about 1.3 states/eV f
but despite of its much lower density of states this boroc
bide superconductor has a higherl.1.1 arising from very
soft phonon modes~see Ref. 30!. In the case of the boroni
n-
d,

e
y

f
not
st

ce

.
r-

tride the corresponding~soft! optical phonon branch is
shifted to higher energies and La3Ni2B2N32d behaves as a
weak-coupling superconductor4 although itsTc is slightly
higher than that of the ‘‘strong-coupling’’ superconduct
LaPt1.5Au0.5B2C.

V. CONCLUSION

In the La3(Ni12xCox)2B2N32d system single-phase
samples were obtained for the substitution rangex50 – 0.3
wherein superconductivity is gradually suppressed to be
1.5 K. Heat capacity measurements show that Ni/Co sub
tution ~hole doping! causes a reduction of the Sommerfe
valueg, which is traced back to a decrease of the bare d
sity of statesN(Ef) and a corresponding fall of the couplin
strengthl. From the combined analysis of the susceptibil
and heat capacity results we further evaluated the Stoner
hancement of the Pauli susceptibility which raises with
Co content, because an enhancement of the intra-atomic
changeI overcompensates the reduction ofN(Ef). Never-
theless, our results show that the decrease ofTc is primarily
related to the reduction ofN(Ef) and the corresponding de
crease ofl, while there is no hint for the occurrence o
magnetic fluctuations which could be accompanied by p
breaking effects.

Electron doping in La3(Ni12xCux)2B2N32d with a re-
duced solubility range (0,xCu<0.1) results in a modest de
pression of the superconducting transitiondTc /dx
.223 mK/~mol % Cu!. Attempts to replace Ni by the 4d or
5d metals Pd and Pt yielded multiphase samples which
have as normal metals down to 4.2 K.

The above results are in line with available bandstruct
calculations for La3Ni2B2N3 which suggested the Fermi leve
to be at a maximum of the electronic density of stat
Hence, the possibility of raisingTc by transition metal sub-
stitutions appears to be rather unlikely.
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