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We investigated the effect of Ni/Co and Ni/Cu substitutions upon the superconducting and normal state
properties of LaNi; _,M,),B,N;_s(M=Co, CuU. X-ray and neutron diffraction studies reveal a limited solid
solubility for Cu: (0<x,<0.1) and single phase compounds fer €-,<0.3. From ac-, dc-susceptibility, and
specific heat measurements we determifigd the bare density of states at the Fermi enelf¥;), the
electron-phonon mass enhancemenand the Stoner enhancement fac®pias a function ok. Superconduc-
tivity is suppressed to below 1.5 K for @iy /Cay.5),B,N5_ s while for Ni/Cu substitution only the initial
depression rated T, /dx=—0.23 K{mol % Cu), could be determined. The results clearly show that the sup-
pression of superconductivity is primarily caused by the reductioN(d;) concomitant with a fall of the
coupling strengthy, while there are no hints for other effects like magnetic pair breaking. The comparison with
the results reported for Y(Ni,Co,),B,C shows that the electronic changes induced by Ni/Co substitution are
very similar in both system$S0163-182608)04045-4

. INTRODUCTION specimen of LgNig-Coy3),'B,N; 5 (=5 g) with isotope
enriched'BN powder was prepared for neutron investiga-
LagNi,B,N3_ s is superconductingSC) below 12 K and  tions. A small quantity of each sample was powdered under
crystallizes in the body-centered tetragonal structure coneyclohexane, sealed in thin quartz capillaries and exposed to
sisting of NiB, layers built from NiB, tetrahedra sep- Cr-K, radiation jx =0.228970 nm) in a Debye-Scherrer
arated by three LaN rocksalt-type layers and belongs to theamera. Precise lattice parameters were determined by means
family of new lanthanum nickel boronitrides (LajNi,B,  of a least squares refinement of Guinier-Huber photographs
with n=2,31? Both quaternary boronitride compounds with Cu-K ,; radiation ( =0.1540562 nm) using an internal
are isostructural with the homologous borocarbide serie§e standardage=0.5657906 nm.
(YC),Ni,B, (n=1,...,4)3 Their structure is body-centered  Neutron powder diffraction at 300 K was performed at the
(for n odd) or simple tetragonalfor n even with n LaN or ~ORPHEE 14 MW reactor(CEA-Saclay using the 3T2
YC rocksalt-type layers. While the two layer compounddouble-axis multidetector neutron powder diffractometer
LaNiBN is a normal conducting metal down to 4.2 K, we (Wavelength \,=0.1227 nm, resolutionAd/d=4x10"3,
characterized LNi,B,N;_5 (T,~12 K) as a weak-coupling S€€ Ref_. 10 Preferred orientation effects were r_nlnl_mlzed by
BCS superconductdr. powdering the sample in a steel mortar to a grain size smaller

For the borocarbide superconductors Ni/Co substitutiont’@n 30um. Further details concering the experiment are

e.g., in Y(Ni_,Ca),B,C, vields a drastic decrease of given in_ Sec. IIIA(see_Ta_bI_e IN. P_recise atom parameters,
T. 5-8 while initxhe cefsez o,f the nonsuperconducting YNIBC occupation numbers, individual isotropic thermal factors,
c»

compound superconductivity could be recovered by propeﬁqnd profile parameters were deri\r/%dlgrom a least squares full
Ni/Cu substitutior{T,~8 K for YNio .Clo 3C).2 The aim of atrix Rietveld refinement routine:™ Neutron scattering

X : lengths were taken from a recent compilation by Sé&rs.
this paper addresses the question of whefhercould be Ac- and dc-susceptibility measurements were performed

raised by proper metal substitutions in the triple layer boroniy, 5 cajibrated ac susceptomet8d Hz and field amplitudes
trides. up to 1 mT and in a 6 Tsuperconducting quantum interfer-
ence device magnetometer, respectively. Specific heat mea-
Il. EXPERIMENTAL surements in the temperature range 1.5-80 K and with mag-
netic fields up® 9 T were carried out on 2—3 g samples

Polycrystalline samples were arc melted from Ianthanunbmpmymg a quasiadiabatic step heating technique.
ingots (Auer-Remy, D, 99.9% Co, Ni, and Cu powder or

ingots (Alfa-Ventron, D, 99.9%, hexagonal boron nitride Il. RESULTS
powder (Johnson Matthey & Co., GB, 99.8%and 'BN
powder (98% enriched*'B, chemical purity>98%, Cen-
tronic Ltd., Crydon, GB. Details of the melting and anneal-  X-ray photographs of L#Ni;_,Ca),B,Ns_5 with x

ing procedure were given in a previous rego’ large  =0-0.3 and LgNig¢Cuy1),B,N;_ s revealed an intensity

A. Crystallographic characterization
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TABLE I. The lattice parameters of k&Ni, _,M,),B,N3_50b- 100 -
tained from the Guinier-Huber photographs. 5 o La (N11 x X)2B2N3 5
Ad miX
M, a (nm) ¢ (nm) V (nnr) cla ‘.,E ol &, M
ol
0.37213) 2.052@5) 0.28421) 551 ?o 7’/
Cop 0.372263) 2.0491) 0.284a2) 551 = —so| Re(x) . M,
Coys 0.372323) 2.0451) 0.28351)  5.49 = : g:‘:o.l
Cas 0.3725514)  2.0421) 0.28341)  5.48 -100 | . 002';
Clos 0.3720%4) 2.05537) 0.28451) 552 + Coyy
-150 | :

pattern which was successfully and completely indexed on A ¢ <
the basis of the crystal structure of Ni,B,N; (see Ref. 1%
in combination with small amounts of secondary phases FIG. 2. Real and imaginary part of the ac susceptibijtyf
(mainly unreacted BN Samples with the nominal composi- Lag(Ni;_xM,),B,N;_ s measured with an 80 Hz ac-field amplitude
tion Lag(Ni;_,Cu),B,N;_5 with a larger Cu contenfx  of 200 A/m.
=0.2, 0.3 were found to be multiphase indicating that the
solubility of copper is significantly lower than that of cobalt ~ The result of the structure refinement of the neutron pow-
for which even a LgCo,B,N; phase was reportédd.At-  der diffraction data of Lg(Nig7C03), 'B2N;_ is listed in
tempts to prepare samples with a nominal compositionfable Il and compares well with the data for the
LaTBN;, and LaT,B,N,,, where Ni should be replaced La3N|2BzN3 s parent compoundneutron data by Huang
by the 4d or 5d metal Pd or Pt yielded multiphase sampleset al'%). The interatomic distances reflect the typical bonding
whose x-ray patterns could not be indexed. We note the atsharacteristics of the L&li,B,N3_ s structure type, for which
sence of superconductivity down to 4.2 K even in traces. the tetragonal double pyramiddasB]N, the octahedra
The lattice parameters obtained for the single phase spediLas]N and the archimedian antiprisniisa;,Ni(Co),]B were
mens of the series LENi;_M,),B,N;_swith M=Co and identified as the essential structural chemical units formed
Cu are collected in Table I. The remarkable trends outlinectround the nonmetal aton@see Ref 4 The refinement of
in Fig. 1 are the counteracting variation of thandc lattice  the nitrogen POSIUOHS in Lsli, 1'BN;_; by Huanget al.**
parameters (d In a/dx=+3.4x10"% and d Inc/ldx=—16  asin La(Nig7Cay 3, 'B,N;_;Yyields a full occupation of the
% 1072 taking x to be negative for Cuwhich was also ob- 4€ site but a~10% vacancy of the 12 site located in the
served in the Lu(Ni_,Co,),B,C system® and as an effect central layer of the (LaNy) rock-salt type block. Thusg
of rare-earth substitution in the borocarbidésThere is a ~0.1 remains rather constant within the;Udi, C0),B;N3_ s
slight increase of the volume when Cu replaces the Ni atomsseries. The inverse variation of taeandc lattice parameter,
but V decreases upon Co substitution I V/dx=—10 i.e., the accommodation of the B-Ni-B bond angle seems to
X 107%). Both effects, the anomalous variation of the latticecorrelate with the number af electrons on the Ni site.
parameters and the corresponding volume change can not be
explained by the simple argument of chemical pressure. It B. Susceptibility and specific-heat measurements
seems that in the case of Ni/transition-metal substitution in
LagNi>B,N3_ s the atomic volumes of theBelements dis-
card their usually observed anomaly for Mn, Fe, Co andf
seem to correlate well with thed4 5d series revealing for
the “normal” 3d series a pronounced minimum at gix
electrons (Me<Vco<Vni<Vcei<Vzn): see Ref. 18.

The SC transition temperatures as well as the Meissner
ractions were checked by ac-susceptibility measurements
(see Fig. 2 on roughly bar shaped samples. The reproduc-
ibility of the T, values of separately prepared;N&B,N3_ 5
specimens is (11.2)0.5 K. As bandstructure calculations
by Mattheisé® showed that the electronic density of states at
the Fermi energ\N(E;) is rather sensitive to a N-deficiency
{0.286 S, we suppose that variations of the overall nitrogen stoichi-
ometry may effect; by about* 0.5 K. For clarity, we show
only the data of one L#Ni,B,N;_ s sample(see also Ref. ¢
{0285 because the small variation ©f does not effect the discus-
sion below.

Lag(Nig 0y 92BoN5_ 5 is not superconducting down to
1.8 K while all other samples show bulk superconductivity
with a diamagnetic signal which is in agreement with the
L . value expected for perfect shieldif@king into account the

ag(Ni;_ M. ),B,Ny g — d izati i

emagnetization due to the macroscopic sample geometry,

o0 55 5 55 5 D~0.15-0.25. Hence, Co substitution causes a systematic
' cn ' ' Co. ’ suppression of superconductivity in JMi,B,N5_ s, without

a significant broadening of the transition. The approximate

FIG. 1. The variation of the lattice parameters and the volume oflope of T, versus the Co concentration idT./dx
Lag(Ni;_4M,)»B,Nz_swith M=Co to the right andM=Cu on the  =—0.3 K{(mol %C9. A reduction of T, is also seen for
left hand side. Lag(Nig oCuly 1)5BoN3_ 5.
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TABLE II. Neutron structure refinement data of (&g ;Coy 3),B,N3_ s and LaNi,B,N;_5; details of the experiment and the various
reliability factors are included, is the integrated intensity of reflection Y; is the number of countéackground correctedat 20, w; is
the weighting functiong is the scale factol\ is the number of points in the patter®,are the refined parameters, aficare the constraint
functions.

LagNi,B,N;—Type,Z=2; Space Group)4/mmm—D4h, origin at center;
standardized settings calculated with progrsmrucTUurRE TIDY (Ref. 19.

LagNiB,N3 Lag(Nig.7C0p 3)2B2N3
Parameter/Compound (data after Ref. 14 (this work)
Neutron wavelength A,=0.1417 nm Ap=0.1227 nm
Absorption correction uR=0.13 nR=0.08
20-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:
Re=[(N—P+C)/Z w;YP2]12 0.052
x°=(Ryp/Ro)? 1.90 4.84
0.057 0.082
bs__ cal obs
Rem 2 10 CY# 2 0.056
Re= 2 |obsu2 |calr:L/2 2 |ob51/2
R = LI obs_ Icali 2 |10 0.065
Preferre orlen(iatlo —0.051), [110]
Lattice parameterfnm] a=0.37251(1) a=0.37230(1)
c=2.05172(4) €c=2.04289(8)
Atom parameters
Lal in 4e (0,0,2) z=0.3705(1) z=0.3698(1)
Beq(Biso) 107 in nn? 0.435) 0.204)
La2 in 2a (0,0,0 Beq=0.60(7) 0.204)
(Nip/Coy 9 in 4d (0,0.5,0.2% 0.64(3) 0.41(5)
N1 in 4e (0,0.2) z=0.1246(1) z=0.1244(1)
Beq(Biso) 107 in nn? 0.585) 0.64(5)
N2 in 2b (0,0,0.5 occ=0.921) occ=0.891)
Bed(Biso) 107 in nn?? 0.5(1) 0.645)
B in 4e (0,0,2) z=0.1946(2) z=0.1964(2)
Bed(Biso) 107 in nn?? 0.764) 0.626)
Interatomic distances LagNi,B,N3 Lag(Nig ,C0y 3)2B,oN3
in nm (*=0.0006 nm) data after Ref. 14 this work
Lal —4lal 0.3719 0.3723
—4La2 0.3738 0.3743
—4Ni 0.3093 0.3075
—4B 0.2949 0.2959
—4N1 0.2632 0.2635
—1N2 0.2656 0.2660
La2 —8Lal 0.3738 0.3723
—4La2 0.3719 0.3743
—2N1 0.2556 0.2542
—4N2 0.2630 0.2633
Ni —4lal 0.3093 0.3075
—4Ni 0.2630 0.2633
—4B 0.2179 0.2160
B —4lal 0.2949 0.2959
—4Ni 0.2179 0.2160
—1N1 0.1436 0.1470
N1 —4lal 0.2632 0.2635
—1La2 0.2556 0.2542
-1B 0.1436 0.1470

N2 —2Lal 0.2656 0.2660
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TABLE II. (Continued.

Interatomic distances LagNi,B,N3 Lag(Nig ,C0y 3)2BoN3
in nm (%= 0.0006 nm) data after Ref. 14 this work
—4La2 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

The normal state static susceptibility of the series|ag(Ni;_,M,),B,N;_sthere is hardly a change of the tem-
Lag(Ni;-,Ca,),B,N3_ 5 studied by dc-magnetization mea- perature dependence of the lattice heat capacities above 10
surements is shown in Fig. 3. A reasonable description of thg  Even at 80 K the absolute values of the heat capacities
data is obtained by the combination of a Stoner-Wohlfarthyjiffer mainly due to the different electronic contributions.
susceptibility and a Curie-Weiss term(T)=xo(1+aT?)  This indicates that the spectral moment of the phonon den-
+C/g’—®), yielding xo values ranging from 4.1-5.4 ity of statesF(w) which is @,=333 K for LaNi,B,Ns_;
x10"" emu/g. For all samples except_tpat With GWe  (see Ref. # remains rather unchanged. Hence, the effect of
obtain similar Curie constant€;~6x10"" emuK/g, and  Nj_sjte substitution upon the phonon density of stdE¢s)

paramagnetic Curie temperatures of the order—dfO K. g jess pronounced than indicated by the increase of the De-
This paramagnetic contribution corresponding to an effectlvq)ye temperature®L" values derived from the low-
D

mtagdnetlc tmhomenﬂéﬁéo-lﬁ(é)u%/fg. Is of thhef samed mag- temperature regimésee Table Il). Note, the overall tem-

nitude as that found in Wi, .0).2 2 ?‘?-9-' ef. §and can erature dependence of the lattice heat capacities reflects the
be attributed to paramagnetic impurities rather than to be ap phonon spectrun (), whereas the low-temperature
intrinsic property of the boronitride and borocarbide phases®LT values are primarily,a measure for the low-energy
The susceptibility of LgNio dClp.1)2B,N;; Shows a signifi- aIcD:oustic smallj) phonon modes which may show a tem-
cantly larger paramagnetic contribution corresponding to a'é)erature ' dependence due fo the electron-phonon
effective moment“e“zo'g'“B/f'u" which indi_cates tha_t the interaction?! In a previous work, we pointed out that the
sample quality is not as good as that of {iN, Co) series. slope of the normal state hea’t capacly /T vs T2 of

This could be related to the limited solubility of copper in . N S
. _ ~ . LasNi»B,N5_ 5 changes significantly at abowit/2 indicating
this compound. Neverthelesg,=4.15<10 emulg is very that ®5' increases from 303 Kdetermined in the tempera-

I h | i for JNi,B,N5- .

close to the values obtained for JNi;BoN,-, and ture interval 2—5 K to about 345 K(at 7-12 K—such a

Lag(Nig gC0y 1)-BoN3_s. The variation ofy, yields different ind of behavi | ted f 22 1 |

trends as the electronic specific heat shown below and iE'n of behavior was also reported for §8in. € horma
state heat capacity of k&NiggMg 1)2BsN5_ s (M=Co, Cu

discussed in Sec. IV. o . T .
The low-temperature specific heat results of thedlso indicates a small increase®f’ by about 10 K, but this

Lag(Ni, M),B;N,_s series are depicted in Fig. 4 inG, /T kind of feature does not show wup in non-SC
vs T2 representation. In accordance with the suscept-@(Nio.ZC0.92B2N; s (see Fig. 4 Hence, we suggest that

ibility ~ data  all  samples [except non-SC the pronounced increase 6fy’ (from 303 to 372 K is
Lag(Nig Coy 2)-:BsN3_ 5] show a second order transition from
the SC to the normal state heat capaci,=C.+C;, 1.0

=T+ BT3, wherey is the Sommerfeld parameter apds Lag(Ni,_ Co_),B,N

related to the low-temperature value of the Debye tempera- § 8-0
=
(]

ture by OF =(1944x10/8)*3. For LaNi,B,N;_; and
La3(Ni0.9M0_1)282N3_5 (M:CO, CL) h|gh'f|e|d data(9 T,

not shown were used to analyze the normal state specific 'o
heat, because SC is fully suppressed by the appliedfid. Z
a low-temperature linear fit of the normal state heat capacity 3
C,/T(T?) we determined therand®p' values summarized =
in Table 11l which also includes the thermodynamic mean
value of the transition temperaturés and the height of the
specific heat jumpAC=Cy(T.)—C,(T.). The latter two

> oo o
WM MK
1 T T |

[eNe oo
W= O

0 50 100 150 200 250 300

values are obtained by idealizing the second order anomaly T (K)
under the constraint of entropy balance between the SC and
the normal state to an |nf|n|t6|y Sharp transition. FIG. 3. The static susceptibilityy. of Lag(Ni;_,Ca),BN3_4

The overall temperature dependence of the specific heateasured at a field of 1 T; the solid lines are the resulting $ite
Cp/T(T) is shown in Fig. 5. Within the series text.
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FIG. 5. The specific heaC,/T(T) of Lag(Ni;_M,),B,N3_5
(M=Co, Cu. For clarity, the curves are sequently shifted by
0.05 J/mol B as labeled, i.e., the lowest curve corresponds to
. . . Lag(NigCay3,B,N3_s and the uppermost curve represents
partly related to a weakening of electron-phonon interactions , Ni,B,N, , having added 0.2 J/mol
and to a(minor) lattice stiffening(345 to 372 K due to mass
and/or volume reduction.

FIG. 4. The low-temperature specific he@,/T vs T? of
Lag(Niy_yM,),B,N;_s (M=Co, CY measured in zero field.

=0.13 and accordingly obtained the bare density of states
N(E;s) from relation 1. Both, the electronic density of states
N(Ef) and the\ values summarized in Table IV account for
the reduction of they value with increasing Co content.
There is a further relation between the electronic density of
states and the electron-phonon coupling strength parameter
given by

IV. DISCUSSION

In the specific heat results presented in Sec. Ill B Ni/
Co(Cu) substitution yielded a clear reduction of the normal
state electronic heat capaciBg= yT which is related to the
electronic density of states at the Fermi IeMgIE;) by
L NEX(1?

Mas

2

CalT)=7T= G KE(L+NN(ENT, ®

D

where\ is the enhancement of the effective electron maséNith (I 2> the average of the electron-phonon matrix elements

due to the electron-phonon interaction. In the case of’md M the mean atomic_ mass. In the case of
LaNi,B,N; ; a comparison of the measuredy Lag(Nig Cuy 1)5BoN3_ s the relative change of thd(E;) and

1.041+X\)
A—p*(1+0.620))

Te )

=26 mJ/mol K with the 7, value according to the calcu- \ Valué with respect to Li;B,N;_ is too small to check
phonon mass enhancementscales clearly with the elec-
"1456X4
' of minor importance. Hence, we conclude that the suppres-
the electronic specific heat due to Co doping is caused by a Band structure calculations by Matthe®sSingh and
ous from the decrease df.. In order to disentangle these s-p bands and relatively narrowlat) Ni-3d bands. While

; ; _ the applicability of relation (3). However, for the
lated bare density of states gives=y/y,s—1=0.85, a ; N .
value which is also obtained with the McM?IIan forméta Lag(Ni;—xC0),B,N3-; series it is obvious that the electron-
Op tronic density of state®N(E;) while changes of the mean
= matrix elemeni12) and the characteristic frequenay, are
whereT.=11.7 K, ®p=303 K, andu*=0.13 yields again sion of superconductivity in LsiNi;_,Cao,),BsN3_s is pri-
A=0.85(see also Ref. 4 Hence, the significant reduction of marily related to the reduction ®i(E;).
reduction of the density of statd§(E;) and/or the decrease Pickett* revealed for LaNi,B,N; that essentially two band
of the electron-phonon mass enhancemenmthich is obvi-  manifolds contribute taN(E;): broad (dispersive Ni-B-N
two effects, we evaluaten with relation 2(using the com-
mon approximation for the Coulomb pseudopotentidl

TABLE Ill. Characteristic values obtained from the supercon-

Ni/Co(Cu) substitution may hardly effect the p manifold,
there is a shift of the Fermi leveE; relative to the

TABLE IV. The estimated bare electronic density of states,

ducting and normal state specific heat data 0ofN(E;) of Lag(Ni;_M,),B,N;_s (assuming the band mass to be
Lag(Niy_yM,),B,oN5_s (see text close to 3, and the electron-phonon mass enhancemerdlues.
Te Y Op" AC N(Ey)
M, (K) (mJ/mol K& (K) (J/mol K) (states/eV cell A
11.7 261) 3033 0.432) LagNi,B,N3_ 6.0(2) 0.8505)
Cop 8.35 20.58) 3523) 0.252) Lag(Nig oC0p 15BNz 5 5.1(2) 0.71(5)
Cop, 3.85 152) 3624) 0.0411) Lag(Nig gC0p 25BNz 5 4.1(2) 0.5605)
Cops <15 142) 3725) Lag(Nig C0p 25BNz 5 ~3.8 <0.47
Clp 1 9.40 24.%5) 347(3) 0.302) Lag(Nig ¢Clp 1):BoN3- 5 6.0(2) 0.7505)
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T, (K) Sxpaui @and the asymmetry of . as a function of the Co and
16 1 o Lag(Ni, M) B2 Cu concentration in the borocarbidésee Fig. 6 it was ar-
4 o Y(Nl M).B C gued by Gangopadhyay and Schillfnthat the Stoner en-
Cu, - 14 \ C 1-x"x/272 hancement facto®= 11— IN(E;)] should be larger for Cu
e 12‘\T than for Co substitution, if the intra-atomic exchange the
+ / 1’0 ‘T\T\ same in both systems. However, they found that for a given
L K value of SN(E;) the Cu substituted compounds have a sig-
81 % ! nificantly higherT, than those with Co indicative for a stron-
6l NEES ger electron phonon coupling in the former. To disentangle
T the influence of the Stoner enhancement and the electron-
471 \\T § phonon coupling strength we use the results of the heat ca-
2] T %T pacity measurements to analyze the susceptibility data.
h 1 The weak temperature dependent “Stoner Wohlfarth”
o1 v I o3 o susceptibility yo(1+aT?) obtained from the fit including a
' Tox ' ' Curie Weiss law contains contributions from the core dia-

magnetism, the Landau diamagnetism and the enhanced

FIG. 6. Comparison of the T, \variation in Pauli paramagnetism

La3(Ni1,XMX)2|32N3,5 and Y(N|17XMX)282C (M :CO, CL) The
data of the latter are taken from Refs. 7, 8.
Xo(T=0)= Xcoret XLandai™ SXpauli 4

Ni/Co(Cu)-3d bands. The above repait$* further suggest

that the Fermi level of LaNi,B,N; lies at(or close tyalocal ~ With xpaui= #aN(Er) and xiangai= — #5N(E()/3(1+))2.
maximum of N(E). Hence, in a simple rigid band picture The value fory.is estimated using the data of Ref. 26 to
Ni/Co (Ni/Cu) substitution is expected to redu¢ise the be —1.42¥ 107 emu/g. Hence, one expects that varies
Fermi energyE; relative to this local maximum, i.e., the in a similar way asN(Es) as a function of the Ni/Co substi-
calculated shape dfI(E) implies a reduction oN(E;) for  tution which is indeed observed for the borocarbides by Hoe-
Ni/Co and(less pronouncedor Ni/Cu substitution which is llwarth et al” However, the opposite trend is observed here
in agreement with the experimental results summarized i the boronitrides indicating that the Stoner enhancement
Table IV. factor grows with rising Co content for>0.1. The relations

Concerning the structurally related borocarbides weabove allow the evaluation of the Stoner enhancement factor
pointed out in the introduction that Ni-site substitution stud-
ies on the ‘single layet superconductors® YNi,B,C and _ 1
LuNi,B,C revealed a pronounced reductionTef(see Fig. 6 = X% Xcore .
for a comparison of th& . variation in the borocarbides and maN(Ep)  3(1+))
boronitrideg. On the other hand in the case of normal con-
ducting “two layer’ YNIBC superconductivity up to 8 K using the data foin and the bare density of stat®H E;)
could be induced by Ni/Cu substitutidrHence, Cu substi- given in Table IV. With the Stoner factor we further obtain
tution in thesingle andtwo-layerborocarbides yields oppo- an(averagé value for the intra-atomic exchangeelated to
site effects upof . In the scope of the rigid band argument, one unit cell. The results are listed in Table V together with
however, these effects are well in line with the band structurehe experimental values gf, and the effective moments
result€® which suggest that the Fermi level of Mu)Ni,B,C ., derived from the Curie constant. It is worth noting that
coincides with a narrow peak in the density of states withthe effective moments are of the same magnitude as those
N(E;)~4 stategkeV cell), while in the case of Lu)NiBC  observed in the borocarbides and appear to be rather inde-
E; is situated below the corresponding maximum &l{é;) pendent of the Co content while that of the Cu sample is by
is just about 1.2 statggV cell), i.e., a shift of the Fermi a factor of 2 larger. The latter can be associated with the
level out of the EDOS maximuntminimum) goes in hand reduced solubility range of Cu—as mentioned above—
with a decreaséraise of the transition temperature which is giving rise to a larger impurity content. On the other hand for
clearly observed in the corresponding experiments orboth the Co and Cu samples wix+=0.1 the value ofy, is
Y (Ni/Co, Cu),B,C and Y(Ni/Cu)BC as well as in the present slightly reduced as expected but increasesxfet0.1 yield-
study on the nitrides. ing growing Stoner enhancement factors.

For the borocarbides susceptibility studisind a com- The reanalysis of the susceptibility and specific heat data
bined specific heat and susceptibility investigafiaf the  of Hoellwarthet al.” taking into account the Stoner enhance-
Ni-site substitution effect were reported with the conclusionment by the same procedure as above gives also slightly
that the suppression of superconductivity upon Co dopingncreasing S values for Y(Ni_,Co,),B,C (S=q=1.7,
can primarily be traced back to the reductionN{fE;) and a  S;_4=1.8, andS,_,,=1.9). Note theS value of the parent
(minor) change of@"T Thus it is obvious that the effect of compound is in fair agreement with bandstructure
Ni/Co substitution, in particular the mechanism which leadscalculation$”-?® (S=1.3-1.78). For a given intra-atomic ex-
to the suppression of superconductivity in Y{NjCqo,),B,C  changel the Stoner enhanceme&t=1[1—IN(E;)] should
and La(Ni;_,Co,),B,N5_; is rather similar, i.e., primarily decrease with fallingN(E¢), in contrast to the observation
governed by the reduction of the EDOS at the Fermi levelfor Y(Ni;_,Co,),B,C and Lg(Ni;_,Co,),B,N3_5, thus we
From the variation of the enhanced Pauli susceptibilityhave to conclude that an enhanced intra-atomic exchiaigye

©)
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TABLE V. Comparison of the experimental valuesf with the Pauli susceptibilityp,,i, corresponding to the bare density of states
N(E;s), yielding the Stoner factd® and the intra-atomic exchangef Lay(Ni;_,M,),BsN3_ 5. The uo values account for contributions of
paramagnetic impurities.

Xo XPauli

Meeff I
M, (ug/f.u.) (X107 emu/g) S (ev)

0.18 4.3%5) 3.25 1.9 0.08
Cops 0.14 4.105) 2.76 2.1 0.10
Cos 0.17 4.815) 2.22 2.9 0.16
Cay5 0.14 5.405) ~2.06 ~35 ~0.19
Cly, 0.33 4.149) 3.25 1.8 0.07

responsible for the increase 8fwith growing Co content as tride the correspondingsoft) optical phonon branch is
demonstrated by thievalues given in Table V. The compari- shifted to higher energies and {Ni,B,N;_5 behaves as a
son of d¥dxc, of the boronitride and the borocarbide sys- weak-coupling superconducforlthough itsT, is slightly
tem shows that the increase 8fis damped by the stronger higher than that of the *“strong-coupling” superconductor
decrease oN(E;) in the latter, becauske~0.08 eV for both  LaPt sAug sB.C.

LasNi,BoN;_ s and YNLB,C and increases byAl/Ax

=4 meV{mol % Co) for Lg(NiggC0y 4)-BoN;_sandAl/Ax V. CONCLUSION

=6 meVImol % Co) for Y(NiygCay4),B,C [N(E;) taken
from Ref. 7). Of course, in the case of Cu substitution the
intra-atomic exchange and in consequence the Stoner e
hancement of the Pauli susceptibility should be weakene
because of filling up the band.

In the La(Ni;_,Cq),BsN;_s system single-phase
gamples were obtained for the substitution ranged—0.3
herein superconductivity is gradually suppressed to below
.5 K. Heat capacity measurements show that Ni/Co substi-
. : tution (hole doping causes a reduction of the Sommerfeld
N ;hfhznf Iy(slilsi of ?e)cgrrslanog:rit;itvgfgwl N(SE:))\/'v:r][ﬁat value y, which is traced back to a decrease of the bare den-
&NI11-x&0)2B2N5-5 y sity of statesN(E;) and a corresponding fall of the coupling

ma_gnehc palr-_breaklng effects do _not play a role, bec.a'flsgtrength)\. From the combined analysis of the susceptibility
their contribution to the suppression of superconductivity

would be in addition to the effect of the reductionN{E,) and heat capacity results we further evaluated the Stoner en-

and the concomitant decrease of the coupling strength hancement of the Pauli susceptibility which raises with the
I . . piing . Co content, because an enhancement of the intra-atomic ex-
which is already sufficient to explain the total reduction of

T.. Hence, the increase of the Stoner enhancement does r{:?]r%angel overcompensates the reduction (Ey). Never-

{ . . . eless, our results show that the decreas&.adé primarily
give rise to the appearance of magnetic fluctuations at Iea?(talated to the reduction &(E,) and the corresponding de-
up tox=<0.3 and the asymmetry between the reductioil of f P g

) A : crease of\, while there is no hint for the occurrence of
and the Pauli susceptibility of Y(NiM,)>,B,C (M=Co, e . ; ) -
Cu: see Ref. Bhas to be attributed to a decrease of themagnetlc fluctuations which could be accompanied by pair

: breaking effects.
Stoner enhancement on the Cu side rather than to occurrence Electron doping in Lg(Ni; ,Cu),BNs 5 with a re-

of pair breaking on the Co side. h .
The comparison of the effect of Ni-site substitution by duceq solubility range (8xc,<0.1) .results n "?‘.mOdE‘St de-
pression of the superconducting transitiodT./dx

Co and Cu in LaNi;BNs—5 and YNBB,C, in particular 27, mK/(mol % Cu. Attempts to replace Ni by theddor

the similarity of AlI/Ax and AN(E;)/Ax~-—0.10 : . )
statesleV f.u. mol % Co for the nitride very close to 5d metals Pd and Pt yielded multiphase samples which be-
have as normal metals down to 4.2 K.

—0.13 stategeV f.u. mol % Co for the borocarbide$jndi- S ; .
) . The above results are in line with available bandstructure
cates that the electronic propertigmnd structure related to : : . )
. . . calculations for LgNi,B,N5; which suggested the Fermi level
d electron$ of the Ni,B, layers is more or less the same in ; ; .
to be at a maximum of the electronic density of states.

both systems. The significantly high&g values of the bo- - - e
’ . . Hence, the possibility of raising@, by transition metal sub-
rocarbidege.g., 16 K of LuN;B,C) have to be attributed to stitutions appears to be rather unlikely.

the stronger electron-phonon coupling due to soft phoffons
rather than to a higher density of statpsr aton). Note, the
bare density of stateBl(E;) of LaPt sAugsB,C with T,
~11 K as in the boronitride is just about 1.3 states/eV f.u. We are grateful to F. Gompf, Karlsruhe, for valuable sug-
but despite of its much lower density of states this borocargestions. This work was supported by the Austrian Science
bide superconductor has a highes=1.1 arising from very Foundation under Grant No. P 11090, P 9709 and by the
soft phonon modessee Ref. 3D In the case of the boroni- Karntner ElektrizitasgesellschaftKELAG).
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