PHYSICAL REVIEW B 71, 024509(2005

Influence of structural parameters on T, in superconducting RNi,B,C compounds
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The superconducting transtition temperatliggn nonmagnetic Ly, La,Ni,B,C (x<0.1) linearly decreases
with the structural paramete’ /a asdT./d(c’'/a)=21020) K. The same decrease dff;/d(c’/a) has been
observed for the other nonmagnetic series_l¥i,Ni,B,C (x<0.1) [J. Freudenberger, S. L. Drechsler, G.
Fuchs, A. Kreyssig, K. Nenkov, S. V. Shulga, K.-H. Miller, and L. Schultz, Physica06 1 (1998; J.
Freudenbenger, Paarbrechung in Seltenerd-Ubergangsmetall-Borkarbiden, Thesis, TU, Dresde;h2000
decrease i, for the antiferromagneticallyAF) ordered compounds RMB,C (R=Dy,Ho,Er,Tm and for
nonmagnetic LUNIBC again scales [abl./d(c’/a)]=20010)K. This is a strong indication that in nonmag-
netic and AF ordere&Ni,B,C as well aRNiBC compoundsT, is determined by’ /a which is a measure for
the deviation of the NiB tetrahedra from ideal tetrahedral symmetry.

DOI: 10.1103/PhysRevB.71.024509 PACS nunt®er74.70.Dd, 61.66Dk, 75.36:m

I. INTRODUCTION Il. SAMPLE PREPARATION AND CHARACTERIZATION

i . L Polycrystalline Ly_La,Ni,B,C samples were prepared

Since the discovery of superconductivity in the quaternary,y conventional arc melting of stoichiometric amounts of
rare earth(R) nickel borocarbide&Ni,B,C in 1994(Refs. 1 pure elements in an Ar atmosphér&he room temperature
and 2 the main interest in the study of these compounds was-ray diffraction measurements were performed on powdered
to understand the interplay between superconductivity andamples with a Rigaku Miniflex diffractometer using CaK
magnetism occurring in this class of materials. In order toradiation. Rietveld analysis was used to obtain the lattice
understand the variation of the superconducting transitioparameters of the samples. Alternating curr@a suscepti-
temperaturdl; within the series oRNi,B,C compounds, for bility measurements were done in a Quantum Design super-
example, attempts have been made to corrdlateith the de  conducting quantum interference device magnetometer in the
Gennes scaling parame®®r(g;-1)2J(J+1) (g; andJ being  temperature range between 4.2 and 30 K. Four probe resis-
the Landeg factor and total angular momentum of tRé*  tance measurements were made using a Linear Research ac
ion, respectively>->We will not discuss this point any fur- bridge (model LR700 in the temperature rangeK2T
ther for the moment but will come back to it at the end of <300 K.
this paper. The x-ray analysis of Ly,laNi,B,C was done in a

The variation of T, for nonmagnetic RNi,B,C com-  similar way as previously made for the,Y¥La,Ni,B,C
pounds, on the other hand, e.g., the fact that LBMC has systenf Single phaseless than 3% impurity phasavith
the highestT, of all superconductindRNi,B,C compounds good crystallinity only was found for samples with compo-
while LaNi,B,C is not superconducting at all or the changesitions close to the Lu and La endsig. 1). For La concen-
of T, within the series Y.,LaNi,B,C (Ref. 6 or trations between 0.02 and O(fniscibility gap two phases
Lui,Y,Ni,B,C (Ref. 7), definitely has other reasons. Band with LuNi,B,C type of structure were found which we as-
structure calculations by Mattheisst al® explain why sign to a Lu-rich and a La-rich phase, respectively. A similar
LuNi,B,C has such a high, and LaNB,C is not supercon- miscibility gap has been reported for other La diluted
ducting: in LUNpLB,C the Fermi energy has its position at a RNi,B,C compound§:!! Figure 1 shows the results of the
relatively high density of state®OS), while it is at a low  Rietveld analysis assuming the presence of the earlier-
value of the DOS for LaNB,C. As it was further pointed mentioned two phases for the samples with0.02, 0.07,
out in this paper, high DOS at the Fermi energy happens tand 0.9, which correspond to nominal concentrations of 0.1,
coincide with ideal tetrahedral symmetry of the Nitra- 0.6, and 0.9, respectivel{see later, and Table).IAs ex-
hedra forming the NiB, layers which are responsible for pected, the analysis shows that the La-rich phase increases
the superconductivity. Recent calculations by Die§al®  with increasing lanthanum concentration.
essentially come to the same conclusion about the DOS. In The reduction of the superconducting transition tempera-
order to confirm the idea that deviations from the ideal tetture T, with La substitution can be seen in Fig. 2. Taking into
rahedral symmetry of the NiBtetrahedra are responsible for account that LaNB,C is not superconducting, it is natural to
the variation of T, in nonmagneticRNi,B,C compounds suppose thaf. of LuNi,B,C is reduced by substitution of
more experimental data fom, in such compounds are Lu by La. Therefore, we attribute the superconducting tran-
needed. It is for this reason that we have studied the systesition observed by ac susceptibility and ac resistance mea-
Lu,LaNi,B,C. Furthermore, such studies offer the possi-surements(see Fig. 2 to the Lu-rich phase. An apparent
bility to compare this system with the series;LyY,Ni,B,C nonsystematic change @f with increasing nominal La con-
(Ref. 7 that we have already studied. Preliminary resultscentration would be seen if the mismatch between nominal
already have been published elsewhére. and real concentration is not taken into account. In faeet
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FIG. 2. ac resistivity data, given as a function of temperature for
the Ly _,La,Ni,B,C series with different La concentrations.
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concentration in the Lu-rich phase does not correspond to the

nominal La concentration due to the presence of the earlier-
mentioned two phases in the sample. The real La concentra-
tion x in the Lu-rich phase has been calculatede Table)l

by making the assumption that the lattice parameters linearly
vary, going from pure LUNB,C to pure LaNjB,C (see Ref.

6). It is important to mention that the calculated values of the
real concentration are not relevant for the main conclusion of

-

this paper drawn from the data in Fig. 5. The room-

@
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temperature normal-state resistivities are betwed00 and

200 cm, somewhat higher than what is observed in
single crystal® but agree with that for polycrystalline

samples.

FIG. 1. CuKa x-ray diffraction pattern of the samples

(Luy_4La,)Ni,B,C with La concentration of 0.02, 0.07, and 0.92.

The Bragg peaks, corresponding to the Lu-rich ph@severtical

lines and La-rich phaséll), obtained after Rietveld analysis, are

indicated.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

The parametec’/a (¢’ is the distance of the tw&®-C

layers between which the NjBtetrahedra are sandwiched
and a is the lattice parameter in the basal plahas been
found to be the relevant parameter determining the tetrahe-

TABLE |. Nominal and realx concentrationsa andc lattice parameters and superconducting transition

temperaturesT, as obtained from resistancéR) and susceptibility (x’)

measurements for the

Lu,_,La,Ni,B,C series. Labeled parameters for nominat 0.7 correspond to Lu-rich phases and for
>0.8 to La-rich phases.

X Te(K)

Nominal Real aA) c (A R X'
0.0 0.00 3.46Q1) 10.6263) 16.52) 16.43)
0.1 0.02 3.47Q1) 10.6153) 16.23) 16.1(7)
0.2 0.05 3.48() 10.6085) 15.38) 14.39)
0.3 0.06 3.48@) 10.6014) 15.17) 14.28)
0.4 0.06 3.488) 10.595%4) 13.63) 13.47)
0.5 0.07 3.48@) 10.5964) 13.65) 13.39)
0.6 0.07 3.48R) 10.59@4) 13.66) 13.1(5)
0.7 0.08 3.49(3) 10.5834) 13.36) 13.07)
0.8 0.90 3.764) 9.8945)
0.9 0.92 3.77() 9.8653)

1.0 1.00 3.7941) 9.8242)
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¥
= 14 ing methods is quite good. In addition we have plotted in
- Fig. 3(b) the T, values as given for Lu,Y,Ni,B,C in Ref. 7.
13 ¢ Lu LlaNiB.C(R) It shows that the influence of La doping dn again is a
| © Lu LaNiB.C(x) |  factor of about 4.5 larger than that for Y dopifdT./dx
" = 'I-U1.XYXE“'2BZCI (Ref. 7) N =-42 K and—8.5 K for La and Y doping, respectively

0.00 004 008 0.12 0.16 If we now plot T, vs c’/a, we find that theT, reduction
AT, in both systems Ly, LaNi,B,C and Ly_,Y,Ni,B,C
scales withc’/a in exactly the same wagsee Fig. 4 The

FIG. 3. (a) ¢'/a parameters for L, R/Ni,B,C (R'=La and V) straight line drawn through the data points in Fig. 4 is a
as a function of the concentration ¢h) Superconducting transition least-square fit with the slodeT./d(c’/a)]=21020)K.

X

temperaturegfrom resistancéR) and susceptibility(xy’) measure- This is quite a remarkable result since it shows thaflthe
mentd as a function of for Lu; ,RiNi,B,C (R'=La and ¥). Al reduction just scales witle’/a or with the deviation from
the data foR'=Y were taken from Ref. 7. ideal tetrahedral symmetry of the NjBetrahedra, indepen-

o i dent of the size of the doping atom. Usually it is assuthed
dral symmetry at the Ni site iRNi,B,C as well asRNIBC  that theT, reduction is caused by local lattice distortions due
compounds. This finding results frotfFe Mossbauer effect g the different sizes of the host and doping rare earth ion.
studies of variouRNi,B,C (R=Y, Er, Ho, Dy, T, Gd, Nd,  gince this effect usually scales ag\r? (Refs. 14—15 one
Py and RNIBC (R=Y, Er, Ho, Dy, Th, Gd compounds®  \yould expect that th@, reduction for a giverx should be a
The quadrupole splittingAEq| at the>Fe (Ni) site linearly  factor of about 20 larger for La doping than in the case of Y
scales withc'/a for all compounds studied. Sin¢&Eq| isa  doping. This, however, is not observed: the experiments
measure for the deviation from ideal tetrahedral symmetryjearly show that\ T, scales approximately withr andnot
(AEg=0 for ideal tetrahedral symmelryhis linear correla- \jth Ar2 We should mention at this point that magnetic
tion between|AEq| andc'/a clearly proofs that it is indeed  gijution of antiferromagnetically orderedAF) DyNi,B,C
the (c’'/a) parameter which determines the deviation fromyith La and VY, respectively, indeed reducEsby a factor
ideal tetrahedral symmetry. In Fig(e8 we have plotte¢’/a  which scales withAr? (Refs. 14—18 This reduction, how-
for Lu;LaNi,B,C as a function of the real La concentra- ever, is due to anagnetic pair-breakingffect” which is not
tion x obtained from the lattice parameteisee earlierto-  relevant in the nonmagnetic systems we are discussing here.
gether withc'/a for Lu; Y Ni,B,C given in Ref. 7. As can In the following we want to bring another argument why
be seen from this figure the changecdfa with x is a factor the T, reduction in Ly_,La,Ni,B,C and Ly_,Y,Ni,B,C, re-
of about 4.5 larger for La doping compared to that for Y spectively, is not caused by local lattice distortions due to
doping[d(c’/a)/dx=-0.20 and -0.045 for La and Y doping, different ionic radii but rather due to the deviation of the
respectively. This is what one would expect, since the dif- NiB, tetrahedra from ideal tetrahedral symmetry. Fuehs
ference in the ionic radii between Lu and LaAs(Lu-La)  al.l8 analyzing all existing experimental data for the series
=-0.0223 nm which is about a factor of 4 larger than theLu,_,Y,Ni,B,C, suggest that the local lattice distortions due
corresponding\r for Y doping[Ar(Lu-Y)=-0.0057 nnj. to different sizes of the Y and Lu ions mainly reduces the

Figure 3b) shows theT, values as obtained from resis- electron-phonon coupling constakg,, The change in the
tance(R) as well as susceptibilityy’) measurements as a DOS at the Fermi level, on the other hand, is too small to
function ofx for Lu;_,La,Ni,B,C. As can be seen from this explain the measured change in the Sommerfeld constant.
figure, the agreement between the results of the two measuwhereas it is not quite clear how local lattice distortions will
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reducehepp, our finding, namely, that th&; reduction scales 18 - T - — T —Tu
with ¢’/a can explain the reduction of. . as it has been 16 [ o Lu_LaNi,B.C (R) ]
pointed out by Mattheiset al.® the NiB, tetrahedra in L o Lu_laNiB,C (x)
LuNi;B,C have almost ideal tetrahedral symmetry. This fact 141 o Lu,_Y Ni,B,C (Ref.7) 4
also is “ideal” for superconductivity since in this case an - ® RNiB.C (Ref. 19)
s-p band, which exhibits strong electron-phonon coupling, 12 A LuNiBC (Ref. 20) 7
happens to coincide with the Fermi level. Changiida, 10l
i.e., changing the B-Ni-B bonding angles in the Nitra- - | m ]
hedra, therefore, will shift this-p band and reduces the < sk i
electron-phonon interaction. -

Having discussed in detail the reason for the variation of 6 - .
T, in nonmagnetidRNi,B,C superconductors, we now will
switch to the nonmagnetic superconductor LUNIiBC and to i T
the AF ordered superconductd®Ni,B,C with R=Dy, Ho, 2L N
Er, and Tm. We will ask the question, how much of fhie L
reduction in these systems is caused by the deviation of the 0 : : : : L :

1.44 1.46 1.48 1.50 1.52 1.54

NiB, tetrahedra from ideal tetrahedral symmetry. For that )
reason we have plotted in Fig. 5 tfe values of all these c’la
compounds as a function of thg’/a) parameter together

with (tjhe ldat3 pdc.)lmls Ofd FheF.noszgnfmlzs?C COT' RNi,B,C with R=Dy, Ho, Er, and Tr(Ref. 19, given as a function
pounds already displayed in Fig. 4. Most surprisingllydata of the (¢’ /a) parameter, together with the data points corresponding

points fa_II on the same line, i.e.,_ fadl of these c0mpour_1ds to the nonmagnetic LuR'Ni,B,C (R'=La and Y) and LuNiBC
the relation betweefM, andc’/a is the same. The straight (Ref. 20. X

line through the data points of nonmagnetic LUNIBC and the
AF orderedRNi,B,C compounds in Fig. 5 is a least-squares
fit with [dT./d(c’/a)]=22010)K. This value is within the

experimental errors the same as that found for the nonma%agnetic superconductors, namely, the Chevrel phases

netic Ly R,Ni,B,C (R'=La,Y) compounds(see Fig. 4. X ) . :
For that reason we can make the following two conclusionsBMoBSs’ Tc essentially scales with the volunve again Y is

(i) the difference irfT, between nonmagnetic LUNIBC and hot fitting in the T, vs V relation obtained for all rare earth
C

21 s , i )
LuNi,B,C is due to the change af/a or the deviation of $t0n|]_2 N?% tch?s EQ{??%?C,?;C]lnzégeKrzgr;;n%grlﬁit;cvzleJ;es
the NiB, tetrahedra in LUNiBC from the ideal tetrahedral . 1™X~“x"2=2 c - e

symmetry and is even somewhat larger than that found for the other non-
(i) T, in AF orderedRNi,B,C compoundgR=Dy, Ho, magneticRNI,B,C compounds, again indicating tha in
Er, and Tm essentially is determined kg//a or by the de- YNi,B,C is 00 high if compared with the othéNi,B,C

viation of the NiB, tetrahedra from ideal tetrahedral symme- compoun_ds. . . .

try; the influence of thé&k magnetic moments of, seems to As a final conclu_smn, we have glear experimental evi-
be very small. An exception is Tm where there is a reductiorﬁﬁncia Ntihgt CT;n d 'Eq $o|{11im§ggiacéf Dsépggﬁg?rﬂrncggg

i i 1-x=GxIN12D2 =x I x\12b2 .

in T, (see Fig. caused by the fact that only for Tm we have by the structural parameter/a. This indicates that it is the

;C;teTN' I.e., superconductivity occurs in the paramagnetlcdewatlon from the ideal tetrahedral symmetry of the NiB

Conclusion(i) gives a natural explanation for the missing te:re:hedtra EVhl\lﬁg rcedl_:_%ea n Lul‘XFith')ZBZ%d(.? :LF’Y) .
superconductivity in all the otheRNiBC compoundsc’/a rea;vle 0 'du bB2 th ¢ (itr%_seergs f[). €a A'\I':cma dexpgrl-
in all other RNiBC compounds is smaller than in LuUNiBC mental_evidence tha ¢ feduction in oraere

, = ; RNi»,B,C compounds isiot due to theR magnetic moments
and smaller thaic’/a)e=1.457(see Fig. 3. We are aware but rather caused by deviations of the Ni@trahedra from

of the fact that conclusiofii) is in clear contradiction with . . N
the generally accepted opinion that de Gennes scaling is th'gea! tetrahedral Symmetfy- Th's. last finding is rathgr contro-
reason for the decrease 8f with increasingR magnetic versial, but we hope that it will trigger more theoretical work

moment in these compounds. Nevertheless, the striking" the subject off in nonmagnetic and AF ordered super-

agreement in the correlation betwe&p and c’/a for the %onductngleBzC compounds.
nonmagnetic and AF ordere&Ni,B,C superconductors
should be taken as an experimental fact which cannot be
overlooked. The authors thank the financial support from PRONEX-

One of the strongest arguments against the plot shown iMCT, FAPERJ/RJ(Cientista do Nosso EstafjovW Foun-
Fig. 5 is the fact that the data point for YJ8i,C is far above dation, Capes/Brazil, CNPqg/Brazil, and DAAD/Germany.
the line drawn in Fig. 5, i.e., th&; value for this compound D.R.S. thanks the Latin American Center for Physics
is much higher than expected from ifs’/a) parameter. (CLAF) and FAPERJ.

FIG. 5. T values for the magnetically ordered superconductors

Even if we have no really satisfactory explanation for this
fact, we want to bring up two pointsi) in another family of
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