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The in-plane resistivity, in-plane absolute thermopower, and upper critical field measurements are reported
for single-crystal samples of YMB,C and LuNB,C superconductors. The in-plane resistivity shows metallic
behavior and varies approximately linearly with temperature near room tempe(Bfirdut shows nearly
guadratic behavior in temperature at low temperatures. TheBsRi and LUNpB,C single-crystal samples
exhibit large transverse magnetoresistate®—8 % at 45 kOgin the ab plane. The absolute thermopower
S(T) is negative from RT to the superconducting transition temperdturdts magnitude at RT is a few times
of the value for a typical good meta®(T) is approximately linear in temperature betweef50 K and RT.
Extrapolation toT=0 gives large interceptdew xV/K) for both samples suggesting the presence of a much
larger “knee” than would be expected from electron-phonon interaction renormalization effects. The upper
critical fields forH parallel and perpendicular to tleaxis and the superconducting parameters derived from
it do not show any anisotropy for the YMH,C single-crystal samples in agreement with magnetization and
torque magnetometry measurements, but a small anisotropy is observed for thBJQibingle crystals. The
analysis shows that these are moderately strong-coupling type-ll supercondsgtolar to theA-15 com-
pound$ with a value of the electron-phonon coupling parametéd) approximately equal to 1.2 for
YNi,B,C and 1.0 for LuNjB,C, the Ginzburg-Landau coherence lengi®) approximately equal to 70 A, and
H.,(0)~60-70 kOe. The temperature dependence of the upper critical field shows a positive curvature near
T, in disagreement with the Werthamer, Helfand, Hohenberg, and WakiHM) theory but in agreement
with a recent solution of the Gor'kov equation using a basis formed by Landau I8agtsal); however, the
data show a severe disagreement between the observed low-temperature behdwiF pand that predicted
either by WHHM or Bahcall's expressionsS0163-18207)06413-9

INTRODUCTION induced by crystalline electric fields->~1’ Compounds with
R=Tb and Gd are not superconducting at least above 0.5 and
The latest discovery of superconductivity in intermetallic 1.4 K, respectively®-22

borocarbide compounds, namely, bR,C (Refs. 1 and 2 The structure of these compounds is body-centered-
(T.=15.6 K), multiphase Y-Pd-B-GRef. 2 (superconduct- tetragonal(space groud4/mmm with alternating square-
ing transition temperatureT.=23.2 K), RNi,B,C (Refs. planar layers of rare-earth carbides and corrugated.Ni
3-6) (Lu-Gd; T,=16.6 K for Lu) has had enormous impact sheets with a unit cell consisting of two formula urfitsThis
on superconductivity research during the last two years ani$ the same as the Thg3i, structure with an additional car-
has led to renewed interest in the search for high-temperatuteon atom per rare-earth atom in the rare-earth layer. The
superconductivity in multielement intermetallic compoundsstructure has Ni-B sheets running parallel to the basal plane
and possibly exotic superconductivity mechanignieading  and seems to be highly anisotropic from the view point of the
to T, higher than 10 KT, values of these borocarbides are ratio of c/a which is approximately 3 for both YNB,C and
similar to those of the other well-known high:- intermetal-  LuNi,B,C compounds since their lattice parameters are
lic A-15 superconductors.Two fascinating features of a=3.526 A,c=10.534 A[YNi,B,C (Ref. 24] anda=3.464
RNi,B,C compounds are that they contain a large amount of\, c=10.631 A[LuNi,B,C (Ref. 23], respectively. These
nickel, a ferromagnetic metal usually detrimental to supercharacteristics are somewhat similar to those of cuprate su-
conductivity, and that superconductivity is observed not onlyperconductors although thE, for the borocarbides is much
for the nonmagnetic rare-earth elements but also for themaller than that of the cuprates. The electronic structure of
heavy magnetic rare earths like Tm, Er, Ho, and Dy having dransition-metal borides and carbides has generally been
large saturation magnetic moment. They exhibit a spectruncharacterized by strong covalent bonding between the con-
of very interesting physical properties depending uporRhe stituent element$, but band-structure calculations on
atom; compounds wittR=Y, Lu seem to be isotropit, LuNi,B,C (Refs. 26—3Dand YNiL,B,C (Refs. 26, 31 show
BCS-typé superconductors with relatively high.; R=Yb that these are thoroughly three-dimensional metals belonging
belongs to the heavy fermion syst¥! and is not super- to the family of conventional superconductors with a rela-
conducting down to 0.34 K! R=Tm-Dy exhibit the coex- tively high density of states at the Fermi lew&! . The states
istence of superconductivity and magnetic or@generally near the Fermi level are dominated by the NifXharacter
antiferromagneticwith additional effects due to anisotropy with some contributions from other atoms. Ni)3 and
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B(2p) states hybridize by a very small amount arou, of superconductors provide important information which is

but the strength of such a hybridization is not so great as thaxpected to lead to an understanding of superconductivity in
of Cu-O hybridization within Cu@ planes in highF, cu-  them. The recent availability of good single crystals of these
prates, and bridging carbon atoms provide strong interlayelporocarbides provides a unigue opportunity to investigate the
interactions which lead to the three-dimensional structtire. normal-state transport properties in well characterized
The calculated density of states shows a peakagrising ~Samples without the granularity problems present in poly-
from a relatively dispersionless energy band which is closé€rystalline samples which could be detrimental to interpreta-
to E;.% No peak in the density of states Bt has been tion of results on transport properties. While there has been
observe®3 in photoemission studies on polycrystalline feverish activity on studies of the superconducting proper-

YNi,B,C, the absence of which has been attributed to théies, and the interplay of magnetism and superconductivity in

effects of electron correlations due to the presence of nickemese borolcatrtyd?& theret are hart<_jly arfn:hreports on stuzles of
a 3d-late transition metal, which gives rise to strong electron € normai-state transport prop€erties of these compounds ex-

. 39,45 ; _
correlations. One might expect nickel to give rise to possible%e'\f)itB %ur (grial\l(mlnarijJ)eporr}ient g:lief S'Tg;}%ﬁ;yﬂgln
2o\, - 1, - ’

magnetism in th mpoun no local magnetic mo; : . :
agnetis these compounds, but no local magnetic Othermopowe"r6 of polycrystalline YNyB,C and LuNpB,C,

ment on Ni atoms has been inferred either from neutron- . .
diffraction measurements on polycrystalline samples dowr‘]de the thermal conductivity of YhB,C and HoNjB,C

to 2 K (Ref. 21 or from NMR experimenté on single- single crystalé’ In this paper we present results of detailed

; - : studies on in-plane electrical resistivity and thermopower in
crystal YNi,B,C although earlier NMR studies on polycrys- ~. . . . :
talline YNi,B,C (Ref. 35 and muon spin-rotation measure- single crystals of YNB,C and LUN;B,C along with their

- 0 ; : superconducting properties. While YJ8i,C is a widely in-
ments of the internal field in polycrystalline Tm/Bi,C (Ref. vestigated compound, only a few reports have appeared on

36) suggest the existence of dynamically fluctuating mo-"~>" ;

ments on Ni atoms. Since Ni-derivedl Zlectrons are con- LUI\.I'ZB2C' These comp_ounds do not show any sign of mag-

sidered to be superconducting electrons in these compoun etic order or cr.ystal—fleld effects which do mfluen_ce the
ransport properties of the analogous compounds with other

the possibility of the existence of a localized moment on Ni ; rths and make interoretation of their transport proper
atoms is not reasonable since it would lead to strong paii.a eeartihs a axe interpretation of their transport proper-

breaking if superconductivity is due ®wave pairing. Bo- o> MOre difficult. Results are compared with the high-

ron in these compounds, it is speculated, gives rise to highecruPrateS andh-15 compound superconductors wherever ap-

phonon frequencies because of its low mass, and cons8ropriate.
quently a highT .. Both a band-structure calculatf$rand an
isotope experimeif seem to confirm that the high-
frequency optical phonons associated with B atoms play an
important role in the superconductivity of these compounds. Single crystals of YNiB,C and LuNijB,C are grown by a
The role of carbon is not clear although it is absolutely esNi,B flux method*® An arc-melted and well-annealed single-
sential since YNjB does not show superconductivity. A re- phase polycrystalline ingot of YBB,C (LuNi,B,C) com-
cent structural stud§ on polycrystalline YNjB,C reported  pound is placed in an alumina crucible with an equal mass of
highly anisotropic thermal vibrations of C atoms and mayNi,B on top of it and is melted in flowing pure argon gas at
have some bearing on the high of these compounds. 1763 K. The melt is cooled to 1473 K at 10 K/h, followed by
Since the discovery of these borocarbide superconductorfyrnace cooling to room temperatufi@T). Single crystals of
extensive studies have been done on their superconductingNi,B,C (LuNi,B,C) grow into the flux from the original
properties and the interplay of superconductivity and magnepolycrystalline compound. These crystals can be easily re-
tism in some of these compounds in the polycrystalline statenoved from the original polycrystalline ingot. The crystals
as well as with single crystafS.A number of superconduct- are platelike having mostly irregular shapes with surfaces in
ing studies indicate that these are type-ll superconductorhe ab plane. The x-ray diffraction of these platelets show
with a small coherence lengtt=50—100 A. Theoretical that they are single crystals of Y)8,C (LuNi,B,C) with the
studie4®*'as well as some experimental rep6t®*lindi- ¢ axis perpendicular to the flat surfaces. The as-grown
cate that these are moderately strong-coupling supercondudtingle-crystal platelets usually have somewhat rough sur-
ors, and the observation of soft phonon modesRerLu  faces with a metallic shine and luster.
(Ref. 42 seems to suggest the same, but recent tunneling The flux-free single-crystal platelets are cut into rectangu-
measurementisshow them to be weak-coupling BCS type. lar parallelepiped shapes using a wire saw for the resistivity
Many experimental results indicate that these compounds amnd thermoelectric power measurements. The typical size of
the conventional phonon-mediatsdvave superconductors these samples is 2.0 mwi.0 mmx0.3 mm. The crystal sur-
although some deviations are reported, namely absence &dces are ground flat and then polished mechanically to re-
the coherent peak in the NMR relaxation rate belgw/> T2 move the surface roughness and make them uniformly thick.
dependence of the specific heat in a wide range of tempera- The resistivity is measured using a dc four-probe tech-
tures belowT,,2* and anomalous non-BCS temperature de-nique. Two 0.15 mm copper wires are attached to the sample
pendence of;,A(T,H=0) and microwave impedanéé. as the current leads using indium solder. The voltage leads
Each family of superconductors so far discovered, includconsist of two heavy formvar insulated 0.1 mm diameter
ing A-15 compounds, Chevrel compounds, cuprates, and fulkeopper wires which are attached to the sample with Epotek
lerides, possesses characteristic structural and electronic fe40E silver epoxy® The maximum error in the absolute
tures which have important bearing on the occurrence ofesistivity value comes mainly from the uncertainties in the
superconductivity in them. Normal-state transport propertieglistance between two voltage leads due to the finite width of

EXPERIMENTAL DETAILS
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the electrical contactsince the sample length is very small hereafter, of single-crystal samples of YRC and
and the thickness measurement. Considering all the possiblaiNi,B,C from 300 to 4.2 K and in zero applied magnetic
errors, the uncertainty in the absolute resistivity is no mordield H. The resistivity is clearly seen to be metallic, i.p.,
than =10% and much less for relative measurements. Thelecreases with a decrease in temperature. This decrepse in
resistance in zero applied magnetic field is measured frors approximately linear witlT at higher temperature@ear

RT (300 K) to 4.2 K and in applied magnetic fielghaxi-  RT) although a slight curvature towards teaxis is clearly
mum 5 T) between 25 and 4.2 K. A double can He-4 cryostatvisible pointing to a possibility of saturation of the resistivity
equipped wih a 6 Tsuperconducting magnet is used for theat higher temperatures. This curvature is slightly more in the
measurements. More experimental details can be found in atese of the YNiB,C single-crystalsog sample. fip/dT] gt

earlier publicatiort? values for sc-YNjB,C and sc-LuNjB,C are 0.22 and 0.15
Thermopower of the samples is measured using a differu{) cm/K, respectively. As the temperature is lowered below
ential technique with temperature gradient along #i® =100 K, the resistivity becomes nonlinear and finally drops

plane. Samples for thermopower measurements are cut froabruptly to zero at the superconducting transition tempera-
the same block of a single crystal of YJB,L,C (LuNi,B,C) tures 15.6 and 16.1 K, respectively, for sc-¥BjJC and
from which samples for the resistance measurements werse-LuNipL,B,C samplegto be referred to as Y and Lu samples
cut. The cryostat used for thermopower measurements isereafter for brevity wherever convenigmespectively. The
similar to the one described earfi@but with some improve- superconducting transition temperaturel X value of
ments in its design and automatic data collection. The differYNi,B,C agrees well with theT. values reported by
ential temperature across the sample is measured usingoghers>*#8525%yt T_ for LuNi,B,C is slightly smaller than
calibrated 0.075 mm diameter Au 0.07 % Fe/chromel therthat observed by 0the?§‘.°'54‘5g'l'he superconducting transi-
mocouple. The thermopower of each sample is measuretibn width for either sample is=0.25 K which is quite sharp,
against a 0.1 mm manganin wire precalibrated against a weihdicating the good qualityhomogeneity of both samples.
annealed lead foil. Samples are kept in a%frr dynamic  The good quality of these crystals is further confirmed by a
vacuum during the measurements. The absolute accuracy irasonably high resistivity ratio RR, defined as,
the thermopower is estimated to be.1 uV/K. p(300)/p(T¢ onsed i-€., RRY)=18 and RRLu)=25, where
p(Tc onsed Of the Y and Lu samples are 3.8 and 9 cm,
respectively. The lower RR value of the Y sample implies
that the Y sample has more imperfections. The resistivity
A. Normal-state resistivity just above the superconducting transition temperature does
not seem to become temperature independent for either
sample, exhibiting a weak temperature dependence.

Based on the measured valuep@RT) and [dp/dT] gy Of

RESULTS AND DISCUSSION

Room-temperaturéRT, 300 K) in-plane resistivityp,, of
single crystals of YNiB,C and LuNpB,C are measured to

be 67.1 and 46.8.) cm, respectively. The lower resistivity the Y and Lu samples in this work, and recently reported

of single-crystal LUNjB,C samples is probably due to better . . .

growth of the crystglli vv2ith less imperfections and/or defects.theoret'cal band-structure calculatidisestimates of the
This is also reflected in the residual resistivity ratiRR) as electron mean free pathl)( and the transport electron_—
indicated later. These in-plane resistivity values are of thephonon coupling parametéx,,) are made for these materi-
same order of magnitude as for some of binary alloys of th@ls' o .

rare-earth and transition-metal intermetallic com- The resistivity can be written as

pounds/alloy®' and someA-15 compound$.Figure 1 dis-

plays the temperature dependencepgf, to be denotec —1_

2 2
p =3 &N(0)wel, 1)

p— : : : : 80 whereN(0) is the band quasiparticle density of states at the
° °© Fermi level andye is the Fermi velocity. The values df(0)
Sy o for LuNi,B,C and YNi,B,C have been calculatéc®'and are
’__-u“‘ ° -60 4.8 and 4.03 statg®V unit cell), respectively. The Fermi
o o velocity v also has been calculatédo be 3.6<10" cm/s for
LuNi,B,C. No such estimate of: is available for YN}B,C.
Hence,ve of YNi,B,C is assumed to be the same as that of
LuNi,B,C since they have similar band structures. These
numbers in Eq(1) give I(Y)=110 A andl(Lu)=190 A at
120 T=16 K, andl(Y)=6.1 A andl(Lu)=7.6 A at 300 K. The
electron mean free path at room temperature in these
samples is of the order of their atomic spacing, and therefore,
. . . 0 the semiclassical Boltzmann theory may not be strictly valid
150 200 250 300 to describe the transport phenomena at room and higher tem-
TK) peratures. In addition, possible anharmonicity and Fermi
smearing effects at higher temperature may be responsible
FIG. 1. Temperature dependence of the in-plane resistivity ofor producing some flattening of the resistivity near room
single-crystal samples of YBB,C (open circley and LuNpB,C  temperature. SinckY) is smaller thar (Lu) at RT, the rela-
(open triangles The inset shows the resistivity variation n&at tively larger flattening of the resistivity of YNB,C near

40

p(UQcm)

0 50 100
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TABLE |. Estimated values of the electron-phonon coupling where wy,q is taken to be 0.%,,, wy, is regarded to be the

parameten. same as the Debye frequeney=kg®p/%, andu* is Cou-
lomb pseudopotential and usually taken between 0.1 and
. A . A 0.15. Values oh determined from Eq(4) with u*=0.15 are
Sample Ay (n*=0.10 (u*=0.19 Ay given in Table I. Closer agreement withy, is found for
YNi,B,C 12 0.79 0.93 0.97 ©*=0.15 for Y, but for Lu better agreement is found with

w*=0.10. It is not clear why this should be since the elec-
tronic and phonon structures of the two compounds should

3 stimated using measured valuesdgf/d T or y with the calcu- be very similar.

LuNi,B,C  0.970.78 0.98 1.14 0.681.07

lated band density of staté§0)=4.8 states/eV unit cell from Ref. The electron phonon coupling parameter can also be esti-
27. mated from the ratio  of N(0)|pdN(0)|pang
PEstimated using measured valuesdpf/d T or y with the calcu- :?’|obJ}’|band:(1+)\y), where y is the specific-heat constant
lated band density of statd$(0)=3.88 states/eV unit cell from and\, is the electron-phonon mass enhancement parameter
Ref. 30. which should be similar to.. Movshovichet al>? reported

Yob=18.7 m(mol K?) for sc-YNi,B,C, and the calculated

room temperature in comparison with that of LyBYC is  ValUE™ of yanefor YNi,B,C is 9.5 myfmol K% with N(0)
understandable. The resistivity flattening effect is truly very™~4.03 stateseV unit cel). Similarly, yops LUNi;B,C (Ref.
small here, and therefore, linearity betwgeandT near RT ~ 40)=19 mJ(mol K*) and calculatedang=11.3 mJmol K
is essentially valid in this range. using N(0)=4.8 statedeV unit cel). The calculated value
In the Bloch-Gimeisen transport theory the temperatureN(0)=3.88 stateeV unit cel) for LuNi,B,C (Ref. 30

_ 2 H
dependence of is related to the electron-phonon coupling 9IVeS Yband=9-15 mJ(mol K*). The corresponding values of
constant\, by the relatiof’ A, are listed in Table I. There appears to be a particularly

wide spread in the various estimates for Lu, but values for Y
dp 8n2 are reasonably consistent. A 10—15 % disagreement among
—=——kghy, (2)  the electron-phonon coupling parameters obtained from dif-
daT hoy ferent procedures is commonly found in other
) o superconductor¥. In any case, the range af, or \ values
where wy, is the Drude plasma frequency which is related togre such that these compounds would be considered to be

N(0) through the relation only moderately strong-coupling superconductors. A com-
parison of these compounds with sofel5 superconduct-
h2wh=4me?N(0)vZ. (3)  ors which haveT, near 15 K, i.e., N§Sn (T,~17 K), V,Si

(T.~15 K) shows that values for Y(Lu)Ni,B,C supercon-
Equation(2) assumes that residual resistivity and other conductors are close to that of;8i (\=~1.0) but much smaller
tributions top are negligibly small compared to the electron- than that of N§Sn (A~1.8) or Nb;Al (\~1.5).” Strong-
phonon contribution described by the standard Boltzmanmoupling elemental superconductors Pb and Nb have
transport theory. Further, Eq2) is valid for T>0.7 Oy  A=~1.2%
where@®j, is the Debye temperaturéThe reported values of A similarity between YLu)Ni,B,C andA-15 highT, su-
Op for YNi,B,C are 489 K(Ref. 52 and 537 K**and~350  perconductors is also found in the temperature dependence
K for LuNi,B,C.****The use of Eq(2) to calculate\, from  of their resistivities at low temperatures, i.e.,
p (RT) and [dp/dT]ry values seems to be reasonablel.25T.<T<0.10,. Below 100 K, the resistivity of either
for sc-LUNpB,C, but it is only approximately correct borocarbide compound shows a nonlinearity with tempera-
for sc-YNi,B,C since RT(300 K)<0.7 O@p(Y). The plasma ture and it does not decrease as rapidly as expected from the
frequency of each compound can be calculated usind®q. Bloch-Grineisen theory. To determine the exact temperature
which gives 5.1 eV for sc-LUuNB,C and 4.7 eV for dependence ob(T), the low-temperature data was fitted to
sc-YNi,B,C where 1»-=3.6x10" cm/s is assumed for the expression
both samples, antl(0)=4.8 and 4.03 statg&V unit cell
for LuNi,B,C (Ref. 27 and YNipB,C>' respectively. A p(T)=po+ATP 5
substitution  of [dp(Y)/dT]gr=0.22 wOQcm/K and
[dp(Lu)/dT]gy=0.15 Q) cm/K in Eq. (2) yields \(Y)=1.2
and \,;(Lu)=0.97 as listed in Table I. Another recent
calculatior® for Lu gives the valueN(0)=3.88 states/
(eV unit cel) which produces a smaller value fay,. These
values seem reasonable and represent a semiempirical m%q-p vs T22 for the Y sample. The in-plangy, A, and p
sure of elegtron-phon_on coupling constanWhlc_h appears parameters obtained from the fit are 3,38 cm, 8.1x10™*
lomperaturd. % With e nowledge of and the Debye. 2 T/ and 2.2 for the sc-Yye,C, and 1.3640) cm,
temBerature@C. of a superconductgorz\ c;n be estimatyed 1.8x10 ° uQ cm/K?, :?md 2.0 for the. S.C'LUNBZC' Thus, .
from the McMIiDIIan equation the low-temperature in plane resistivity of these metallic
sc-Y(Lu)Ni,B,C compounds seems to be anomalous in the
temperature region 1.25<T<0.10, in a sense that its
f wiog ex;{ 104140 (4 temperature dependence is different fromTher T3 depen-
1.2 A—u*(1+0.620) ] dence expected from the conventional theory and usually

in the temperature interval 1.Z5<T<0.10 using a least-

squares fit procedure, with the square of the correlation co-
efficient to determine the goodness of the fit. The tempera-
ture region above 20 K was chosen to minimize the
superconducting fluctuation effects. Figure 2 shows the plot

kgTc=
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9 . ! ! . . and the c-axis thermal conductivity measurements on
RNi,B,C (R=Y,Ho). They find little anisotropy between the
8 3 c and a axes at low temperatures. Assuming that the
7] 3 Wiedemann-Franz law is valid for these superconductors, it
g means that there will be little anisotropy between the in-
% 6 C plane andc-axis resistivities, unlike in high-temperature su-
E 5] 3 perconductors, although these borocarbide superconductors
also have a layered structure.
41 r Figure 3 shows the dependence of in-plane resistance of
3 . . . . . YNi,B,C at 25 K as a function of magnetic fie{garallel to
0 1 2 3 4 5 6 thec axig up to 4.5 T. The change in the resistance at 4.5 T
T22K22)x 1073 is about 6.5% which is quite large in comparison with nor-

mal metal$* Figure 3 clearly shows that the resistance var-

FIG. 2. Resistivity vsT?, wherep=2.2, for sc-YNi,B,C. The  i€s nearly adH? for low field values, and seems to become
straight line drawn through the points represents a straight lindinear with H at higher magnetic fields. A fit to data to
least-sqaures fit. R(T,H)=R(T,0)+ R1*H+R2*H?2 shows thatR1/R2~10

indicating that there is a substantial contribution from the

observed for ordinary and transition metals. The expopent linear term in addition to the quadratic term. A fit to the
which is approximately equal to 2 for either of these boro-power law [R(T,H)—R(T,0)]/R(T,0)=AH" givesn=1.27
carbide compounds, is similar to the one foliritfor p(T) indicating that the magnetic-field dependence of the magne-
of disordered superconducting hidgh- A-15 compounds toresistance is closer to linear than quadratielinThis fit is
(NbsSn, NkAl, Nb,;Ge, VS|, etc), i.e.,p=2. The value oA  shown as an inset in Fig. 3. At lower temperature, fe=15
is smaller for the Y sample than for the Lu sample as exK, we find [R(T,4.5T) —R(T,0)]/R(T,0)~7.5% and 8.0%
pected from the resistivity values. TH& behavior ofp in  for H parallel and perpendicular to theaxis indicating a
A-15 compounds was initially suggested by Wetital®®to  small anisotropy in the magnetoresistance. A similar amount
be due to a non-Debye phonon spectriitw) which was  of magnetoresistance has been observed in gBJdi poly-
later discounted by Gurvitéh through a careful analysis of crystalline sampl&® Magnetoresistance of the order of 40%
p(T) data on disordered-15 compounds. The possibility at 8 T (with magnetic field perpendicular to the currehas
that the electron-electron interaction gives Tedependence been reportet? in polycrystalline LuNjB,C with estimated
of p(T) can be ruled out since the coefficiehtis about two  electron mean free path=700 A. It is difficult to explain
to three orders of magnitude larger than expected from thisuch a large electron mean free path in a polycrystalline
scattering mechanisii:?%%2 The T? behavior is also ob- sample compared to the value of about 200 A in our single-
served in magnetic or nearly magnetic metals. It is possiblerystal sample of LUNB,C. In contrast, we find a magni-
that scattering from reported antiferromagnetic fluctuationsude (AR/R~7.3% forH =45 kOe at 20 K and field depen-
on the Ni sites>%® could contribute to this temperature de- dence for sc-LuNB,C very similar to that shown in Fig. 3.
pendence, but other experiméit¥ do not confirm these Perhaps the grain boundaries in the polycrystalline sample in
reports. GurvitcP® has proposed that strong electron-phononRef. 55 consist of a different compound with very unusual
coupling is the necessary condition for observig,, aT? properties.
in A-15 compounds, but it is not sufficient; the simultaneous When a magnetic field is applied, the resulting electron
presence of strong coupling and high disorder are required torbits may be closed or open depending upon the topology of
produce the temperature expongntequal to 2.0. A high the Fermi surface. The transverse magnetoresistance satu-
disorder results in the breakdown of the electron-phonon morates for closed orbits but grows indefinitely Id$ for open
mentum conservation lak=gq=k’ and may be responsible orbits®*°¢®’ A linear magnetoresistance at high fields has
for the T2 behavior ofp in the A-15’s. RNi,B,C (R=Y,Lu) been observed for single crystals as well as polycrystalline
have\ values similar to those of some 8£15 compounds, materials®~"*While there is hardly any good understanding
but the samples investigated here are single crystals, araf the linear magnetoresistance, it has been shown theoreti-
therefore do not have large disorder. Therefore the possibikally to occur in polycrystals with open orbft$/? due to
ity of the breakdown of the electron-phonon momentum conthickness variatio’® or also if the carrier transport takes
servation law does not arise. The present res{ilf) a T2 for  place along two-dimensional skipping-orbit statéMost re-
sc-Y(Lu)Ni,B,C at low temperatures must be due to somecently Park and KirfP have shown that the interference of
other mechanisfs). Recent photoemission studiéson  two open orbits modeled by two cylindrical Fermi surfaces
YNi,B,C indicate that the Ni 8-derived conduction bands gives rise to a linear transverse magnetoresistance when the
are narrower than the calculated ones, and are accompanietagnetic field is slightly tilted from the direction perpen-
by a satellite. These results are indicative of the presence aficular to the plane defined by the cylinder axes. Kim,
electron-electron correlation effects. Such effects, as well asiwang, and Ihn show that there are five electronic com-
some other unidentified scattering mechanisms, may be rglex Fermi surfaces of LubB,C, one of which is a cylin-
sponsible for the quadratic temperature dependence at lodrical surface perpendicular to the axis. Thus, the open
temperatures. electron orbits are expected in LyBi,L,C (and YNiLB,C due

While no measurements on theaxis electrical resistivity to similarity between their band structuyeshich may lead
of any borocarbide superconductd®li,B,C have been re- to the linear magnetoresistance as predicted by Park and Kim
ported as yet, Serat al*’ have recently reported in-plane and observed by us at high fields. A more careful study of
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The thermopower of both samples is seen to be linedr in

0.08 near room temperature within the measurement accuracy.
Room-temperature thermopow8(RT) and [dS/dT]gt are
0.06 ® —8.1 uV/K and —11.5 nV/K?, and —7.3 wV/K and —10.4
o° nV/K? for YNi,B,C and LuNjB,C samples, respectively,
o° which are nearly the same for both samples. The magnitude

of S(RT), reported here, is somewhat larger than the typical
value associated with free electron/conventional metals, i.e.,
—1.28 uwV/K for lead and 1.94uV/K for gold, but it is ap-
proximately the same as for palladiffin[S(RT)=-10
wuV/K] and many highF, cuprate superconductofs.

AR(H,25K)/R(0,25K)
o o
[an) o
... F

The thermopower of conventional nonmagnetic metals

0.00 aﬁf‘ﬂp . . . consists of two contributions, a diffusion contribution and a
0 10 20 30 40 50 phonon-drag contribution resulting from the transfer of pho-
H(kOe) non momentum to the electron gas. The diffusion contribu-

tion is proportional to temperature, while the phonon-drag
FIG. 3. Field dependence of the transverse magnetoresistancepntribution falls at low temperature as the phonons freeze
AR/R(0,25 K)=[R(H,25 K)—R(0,25 K)]/R(0,25 K) for out, and at high temperatures as the excess phonon momen-
YNi,B,C with magnetic field parallel to the axis. The inset shows tum gets limited by phonon-phonon scattering. This usually
the variation of the magnetoresistance wth?’. results in a phonon-drag peak in conventional metals With
dependence below (8%, and falls asT ! above~0.30 .
magnetoresistance in these compounds is needed for a betteégure 4 clearly shows that there are no structuiesak,
understanding of the phenomenon. etc) in Svs T data from RT down tdl, i.e., no obvious
phonon-drag peak is present which one would expift,
present, in the temperature region@gl<T<<0.30 . Since
these samples are single crystals and have reasonably high
The absolute thermopowef(T), measured with tem- resistivity ratios one would have expected some signature of
perature gradient along tfeb plane of the single crystals of a phonon-drag peak in the data. However, the usual signature
YNi;B,C and LUNB,C, is shown in Fig. 4 as a function of s totally absent, ands is similar to that in amorphous
temperatureS(T) is negative for both the Samples from RT meta|§8'7g and, except for Sign, many h|g'ﬁ:. cuprate
to just above the superconducting transition temperafidre superconductor§.
where it rapidly drops to zero within the measurement accu- |t is obvious from the thermopower data that in addition
racy. The superconducting transition temperatures deteto the diffusion thermopower, which is proportional to the
mined this way are within=0.25 K of that determined by the temperature, there (sre additional contributiofs) to the
resistivity measurements. The sharp fall®to zero atT;  thermopower yielding the observed temperature dependence
also confirms the good quality of the samples. The negativef S, Figure 5 shows dataStbT) vs T for YNi,B,C and
thermopower does not necessarily mean that the charge caruNi,B,C single crystals, where is the coefficient obtained
riers in these compounds are electréhbpwever, the band- by fitting the S vs T data to a straight line, i.eS(T)=a
structure calculatiof§~*! indicate so. Hall effect measure- +pT, in the linear regiofT~100 K to RT). (S-bT) repre-
ments are needed to ascertain the nature of charge carrieggnts contributions to the thermopower other than the diffu-
sion thermopower, and as observed from Fig. 5, this
. contribution is negative and almost constant between 100
0.0-famtmmmmo e and 300 K for both samples; approximatelyt.3 uV/K for
o o the LuNpB,C sample and-4.8 uV/K for the YNi,B,C
sample. Below 100 K, this contribution to the thermopower
for each sample varies approximatelyTas, until the super-
conducting transition temperature at which it rises abruptly
to zero. Generally, the most important contribution to the
thermopower of a metal, in addition to the diffusion ther-
mopower, is the phonon-drag contribution. Any contribution
from possible magnetic impurities is expected to be much
smaller than that observed in Fig. 5. Recently, Trotfahl
tried to explain the thermopower of high- cuprate super-
Q%%% conductors by including the phonon-drag contribution with
Y . . . .
8.0 : : : : , L the assumption that the phonon-phonon scattering in Tijgh-
0 50 100 150 200 250 300 cuprates remains weaker than phonon-electron scattering
T (X) even at room temperature. He finds that the temperature de-
pendence of the phonon-drag contribution to the ther-
FIG. 4. Temperature dependence of the in-plane thermopowemopower of high¥ cuprates is very similar to that shown
of single-crystal samples of YBB,C (open circlesand LUNy,B,C ~ for S-bT in Fig. 5, i.e., it is almost temperature independent
(open triangles The inset shows data close T@. between 100 K and RT, and this constant value represents

B. Thermopower

-2.01

-4.0+

S(UV/K)

-6.0-
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mation, we find thah(0)>5-6 which is absurdly high when

0"‘:, ' ' ' ' ' r compared to the estimated valuesng®) for Y (Lu)Ni,B,C
o by otherg®273031gr to those obtained here or to the values
1] . observed for even very strong-coupling superconduttors

(viz. Pb-Bi alloyg. It may be mentioned that a receaSR
study*® on YNi,B,C reports a mass-enhancement factor of
9.4 from penetration depth measurements. Recently Kaiser
and Mountjoy* have explained the thermopower of higih-
L superconductors within the existing metallic diffusion-
thermopower theory in terms of an anomalously large strong
electron-phonon couplinggreater than § such as might
arise from an anharmonic double-well poterifialin
YBa,Cu,0,_; It has been recently report€dthat the
. . T r . electron-phonon coupling for a double-well potential could
0 50 100 150 200 250 300 reach huge values, 5-50 or more. Whether large and aniso-
T(K) tropic thermal vibrations of carbon atoms in the Y-C plane in
YNi,B,C, as observed by Godaet al.® would lead to such
FIG. 5. Temperature dependence of-IfT) vs T for  a situation should be studied theoretically.
sc-YNi,B,C and sc-LuNjB,C. The coefficienb is the slope of the In the presence of spin fluctuations, Ed@) is modified to
straight line obtained by least-squares fitting of the data in the linear
region (between 100 K and RT (S-bT) represents the phonon-
drag contribution as a function of temperature assuming either no or
comparatively very small other contributions to the total ther-
mopower in comparison with the diffusion thermopower. Symbols
are the same as in Fig. 4.

S-bT (UV/K)

[1+M(T)+ Ny, ®

=l »
a4

where \¢; is the mass-enhancement parameter due to spin

the saturation value of the phonon-drag thermopower. Thiductuations. Kohareet al. and other® have reported the

kind of temperature dependence of the phonon-drag thelr€Sence of antiferromagnetic spin fluctuations in polycrys-

mopower leads to a simple shift of the linear diffusion ther-t@lline YNi;B,C but a NMR study of single-crystal YhB,C

mopower between 100 K and RT. This particular behavio?y Suh €t al** shows no antiferromagnetic correlations.
relates to the layered nature of high-cuprates. Borocar- Even if such fluctuations were present, one would not expect
bides are also layered compounds; hence a similar phonoﬁsf -
drag contribution to the thermopower may not be unreasont> T TﬁO/[S/}(;] RT~5—7. )
able. Therefore, assuming that Fig. 5 represents the phonon- -€€ €tal:® have reported(T) for polycrystalline

drag contribution to the total thermopower the saturation’ Ni2B2C and LUNiB,C. They findS(RT) values to be-5.1

value of this contribution in sc-{.u)Ni,B,C is estimated to and —4.7 uV/K for YNi ,B,C and LUN}B,C polycrystalline
be ~—4.5 uVIK. samples, respectively. These are almost two-thirds of the val-

The extrapolation of the data of Fig. 4 near room temperaY€S reported here for the single-crystal sampldS/qT] is
ture, assuming a lineaf dependence oS, does not pass almost zero in their work in the temperature |r_1terval 150
through S=0 at T=0, and gives intercepts of4.61 and K<T<RT. Thus, the present results on YRIC and
—4.34 uVIK, respectively, for the Y and Lu samples. This LUNi,B,C single crystals are in disagreement, except for_ the
result implies that, in the absence of superconductivity, ther§'dn Of the thermopower, with those on polycrystalline
would be a low temperature “knee” i8(T), similar to that Y(LU)N'?BZC' However, the single-crystal measurements are
produced by electron-phonon  renormalizafion. This taken W|_thAT along theab plane. Polycrystalline samples
“knee” seems to be present near 70 K for Y and 100 K forwould give an average of the thermopower along &te

Lu samples. Electron-phonon renormalization would lead td?'ane and the axis, appropriately weighted for the conduc-
an enhanced thermopower that is given by tivities in those direction&® Since no measurement of ther-

mopower is available along theaxis of these crystals, it is
S=S[1+A(T)], (6) ot possible to comment on it quantita_ltively. If this is the
reason for the difference betweénfor single crystals and
where \(T) is the electron-phonon mass enhancement papolycrystalline samples, the polycrystalline results indicate a
rameter ands, is the bare thermopowewithout renormal-  possibility of a positive thermopower along tleeaxis of
ization effectd. In this expression certain correctidifiave Y (Lu)Ni,B,C single crystals. Leet al*® have suggested that
been assumed small and therefore neglected. Equéion the nonlinear behavior of the thermopower ofL¥)Ni,B,C

to have large values which could explain

can be rewritten as polycrystalline samples may be due to the mixed-valence
phenomenon like that found in CeN{’ and they found a
S, good fit to the expressio®’ =S—bT=AT/(B2+T?), where

7= 7 [1+MD] (7) b, A, andB are constants. The data for single crystals pre-

sented here could not be well described by such a fit, and
A plot of S/IT vs T should then give a measure XfT), and there is no reason to expect temperature-dependent valence
[S/T]1=0/[S/T] gt should approximate #A(0).”° Assuming  fluctuations in these compounds. Possibly the difference may
that theS/T value just abovd . is [S/T]1_, as an approxi- be attributed to a strikingly different behavior between the
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DE'? © FIG. 7. Temperature dependence of the upper critical fitld
o a for the YNi,B,C single-crystal sample with magnetic field parallel
0- LSl it 5 (open circley and perpendiculatX) to the ¢ axis. The current
J T T density was~26 Alcn? and was along thab plane. Data deduced
4 8 12 16 20 - o
from magnetization measuremeiiRef. 8 with field normal to the
TK) ¢ axis (crossesare shown for comparison.

FIG. 6. Magnetic-field dependence of resistive transition to su- Tc(H) is determined from the intersection of the straight
perconductivity for YN}B,C with magnetic field perpendicular to line drawn through the steep superconducting transition re-

thec axis. The field values are in kOe. Only a few transition curvesgion and theT axis which is then converted intd,(T) for
each sample. We shall refer t,(T) and HP(T) as the

are shown for the sake of clarity.
upper critical fields parallel and perlpendicular to thaxis
. . . i pr
bulk crystals and the grain-boundary materials which arf the crystal. Figures 7 and 8 shawg;(T) andHgy(T) vs T
for sc-YNi,B,C and sc-LuNjB,C samples. The current was

robably far from stoichiometry. X
P y enl y 50 mA (current density=26 Alcn?) for the Y sample, and 10
mA (=3 Alcn?) for the Lu sample in thab plane of each.
From the figures we note that the upper critical fields

C. Superconductivity
HP,(T) andHP5(T) of the Y sample show almost no anisot-

The superconducting transition temperatures of ;BMC . :
and LuNbEZC single—cr%/stal samples gre found tozbe 15.6/°PY: wrrnle thoge of the Lu samlple show a small'amsotropy,
and 16.1 K, respectively, from the resistive transition mead-€- [HE(T) 1Ly is larger tharf HZ(T) 1, ;';rmd the difference
surements wherg&, is defined as the intersection of the line PECOMes Iargelr at lower temperaturgidcy(T) ] is ~15%

P5(T)]Lw at T=4.5 K. Absence of the anisot-

drawn through the steepest part of the transition curve withigher tharH . _ iS¢
the temperature axis. In order to determine the upper criticloPy 0f Heo(T) of sc-YNi,B,C determined from the resistive

field H,(T), resistance of the samples has been measured &&nsition in a magnetic field agrees well with reports based
a function of temperature in various fixed values of magnetic®" magnetization measuremefit§. This observation is in

fields applied parallel and perpendicular to thexis of both ~ contrast to the strong anisotropy seenHg,(T) between
in-plane and c-axis-aligned fields in cuprate highs

samples. Figure 6 shows the results for ¥BJC sample .
with the applied magnetic field perpendicuiar to thexis ~ SuPerconductof§ which also have a layered structure.
It has been previously reportéd that H,(T) for

which clearly shows that the magnetic fidddsically shifts ] : )
the resistive transition curve without affecting the transitionHONi,B,C single-crystal samples is strongly current depen-
dent, especially in the range of fields and temperature where

width significantly at lower magnetic fielddH <50 kOsg, ange ure
reentrant superconductivity is observed. To determine if such

i.e., the effect oH is only to decreas&, of the sample. The _ _ |
large positive magnetoresistance can also be seen in this fig- dependence exists for sc-¥B,C samplesHE,(T) and

ure. Similar behavior of the resistive superconducting transiH?(T) were obtained from the resistive transition curves
tion is observed for a magnetic field applied parallel toe¢he recorded using two different current densities, i.e., 2.6 and
axis of YNi,B,C and for both field directions with 26 A/cn?, along theab plane which are shown in Fig. 9. A
LuNi,B,C. Magnetization measurements, i.81, vs T for ~ small current dependence is clearly observed becoming
single-crystal YNjB,C also show similar behavior for dif- larger at lower temperaturels;,(T) differs by ~10% at the
ferent applied magnetic fiel§¢® This behavior of the super- lowest temperaturé~4.5 K) for the two current densities. It
conducting transition in an applied magnetic field is in con-should be noted, however, that the anisotropy between
trast with the highTF, cuprate superconductors in which the HPL(T) and HP(T), for a given current density, does not
transition width increases even in presence of a small exterlter, and the superconducting transition temperature
nal magnetic field, and where it increases enormously as th€ (H = 0) is exactlythe same for the two current densities. A
applied magnetic field is increased, leading to extensive tailsimilar current density dependence was observed with
ing effects aR approaches zef8.In such a case it becomes LuNi,B,C samples. The observed current density depen-
difficult to define H.,(T); however, the sharp transition dence ofH.,(T) for these samples remains unexplained and
curves for sc-YLU)Ni,B,C samples investigated here permit is definitely not due to a heating effect, as pointed out

determination oH,(T) unambiguously. earlier!
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limit. This theory thus fails to explain the positive curvature

60 A ' R ' ' ' ' ' of H.»(T) nearT. as observed in a large number of super-
50- A A i conducting systems. Several explanations have been ad-
A A vanced to explain this behavior ¢f.,(T). Some of these
=407 aa i are: (1) scattering by magnetic impuriti€5,(2) reduced di-
2 30 aa i mensionality and disordéf,*® (3) strong electron-phonon
X aa coupling effects® (4) bipolaron effect’>'%? and (5) two-
201 ap - component respon¥kin granular polycrystalline supercon-
10 “3a | ductors (intra- and intergranular effegtsin the case of
high-T cuprate superconductotd,(T) is found to vary as
0 —————— - (1-T/T.)*? nearT, if H,, is derived from the resistance
4 6 8§ 10 12 14 16 18

TK)

measurements or 48—T/T,) if it is derived from magneti-
zation measurement®.In high-T. cuprate superconductors

this peculiar temperature dependenceHyf, near T, has
FIG. 8. Temperature dependence of the upper critical figlg  been attributed to the flux flow iR(T,H) measurements as
for the LuNi,B,C single-crystal sample with magnetic field parallel evidenced by long resistive tails in the transition region, and
(open trianglesand perpendiculaffilled triangleg to the c axis.  to the twin boundaries limiting the spatial extent of the vor-
The current density was:3 A/cn? and was along thab plane. tices in one directiofi Neither of these possible causes are
present in YLu)Ni,B,C single-crystal samples; yet a posi-
H.,(T) vs T data in Figs. 7 and 8 show thhit.,(T) does tive curvature is observed iH,(T) nearT, regardless of
not intersect thd axislinearly but bends towards the higher Whether the applied magnetic field is parallel or perpendicu-
T Side g|v|ng a positive curvature to tMCZ(T) curve, i_e_, lar to thec axis. Reduced dlmehSIonallty and disorder cannot

dZchldT2>0. Please note that determination Hf,(T) b_e applicable to eithe_r of the twg sam_ples investigated here
from magnetization measureméhtson single-crystal  Since they behave like three-dimensional méf??lg,.and
YNi,B,C are in excellent agreement with those from resisthey are single crystals with relatively low resistivities, ex-
tance measurements as shown in Fig. 7. A similar positivéluding a high degree of disorder. Two-component
curvature inH,(T)|7_.7has been reported in polycrystal- 'espons€ may be applicable to the granular polycrystalline
line and singIe—crystaICRNizBZC compoundg;1454:55:89.90 samples but not to single-cryst&Ni,B,C samples. There

dichalcogenide&! amorphous superconductdfsA-15 su- seems to be no evidence of applicability of the bﬁpolar_on
perconducting compoundsBa-doped G,,>® and in highT, modegmto RNiB,C superconductors, moreover in this
cuprate superconductot$The Werthamer, Helfand, Hohen- ”?F’de Hca(0) goes to _|nf|r_1|ty unless limited by some ad-
berg, and Maki,(WHHM) theory® which takes into ac- ditional effects like Iocall_za_tlon o_f_bos_ons. The presence _o_f a
count the orbital and paramagnetic effects of an external fiel mall amount of magnetic Impurities is certqllnly a p.ossmmty
as well as nonmagnetic and spin-orbit scatterings, is no but unless these are present in 'afge quantﬂ@_(T) IS not
mally used to explainH,(T) of superconducting alloys expected to be affected substanti&fiyA possibility of dis-

(type-Il superconductoysThe WHHM theory predicts a lin- tributed T, in a given sample does ”Ot_af'se here_ as the
ear temperature dependence bE,(T) near T,, ie samples are single crystals, and the resistive transitions are
c2 cr +En

o(1— in ai “ " wyion  Quite sharp.
Hep(T)oe(1=T/To), in either the “clean” or the “dirty The positive curvature i ,(T) nearT. makes it diffi-

cult to apply the standard WHHM theory and its extensions
to obtain certain characteristic parameters in the supercon-

60 aa ducting state of YLu)Ni,B,C single cry_stals. However, this_
50{ o» | theory seems to be the only one which would give certain
characteristic superconducting parameters. To apply the
g theory, theH .,(T) vs T data is divided into two sectionéa)
401 oL i the lower temperature data which fits to a straight line yield-
? ae ing T, which turns out to be lower than the observed
@ 304 o i (T4 is determined by the intersection of this line with fhe
3 on axis); (b) The region neafl ; which shows the positive cur-
201 ca r vature. Figures 7 and 8 show that the low-temperature data
o almost lie on a straight line. As a matter of fact one would
104 a8 - not expect from the WHHM theory the ,(T) data to lie on
”Qq%u a straight line at such low temperatur@3T.<0.7). To ob-
0 T tain [dHCzldT]T:TC, the low-temperaturéd ,(T) data be-

4 6 8 1,(1),(1()12 14 16 18 tweenT=0.85T; and 0.23 is fitted to a straight line. The

goodness of the ﬁ'; is measured by the square of the correla-
FIG. 9. The current dependence Kif,(T) for the YNi,B,C tion coefficient (r=>0.997. The slope _obtamed_ is not

single-crystal sample. Circles and triangles represent data wit[yd|—|cZ/dT]T:TC but [dH62/dT]T:Tca' This slope is then

magnetic field perpendicular and parallel, respectively, tod¢he used to calculate the upper critical fieldl,(0), the

axis. Open and filled circles/triangles are for 50 r¥426 Alcnt) Ginzburg-Landau coherence lengif®) and/or the BCS co-

and 5 mA(~2.6 Alcn) current through the sample, respectively. herence lengtli,zcs the thermodynamic critical fieltl ;(0)
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with the knowledge of experimentally determineéll,, the
Ginzburg-Landau parametet(0), the magnetic-field pen-
etration depth\(0), and the specific-heat constaptsince all
of these can be expressed in term@al)chZ/dT]T:TC and/or
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(12

£(0)=0.85 ¢oped ) V2= \/%,

where ¢, is the flux quantum. Other formulas used are

the parameters derived from it. However, the exact relation-

ship between these parameters E\dtﬂczldT]T:TC depends

upon whether the sample is “clean!>¢&ygco or “dirty”
(I<&pco- The electron mean free pathhas already been

estimated for both the samples by the resistivity measure-

ments. The BCS coherence lendgigcs can be determined
from the BCS relation:

ﬁUF

Ay 9

A —
fo BCS

whereA, is the energy gap ai=0 K, and theA superscript

on &pgcs indicates that it has been determined using the
tunneling

above relation. Recent break junction
measurementson polycrystalline YNjB,C show that the
energy gap of YNiB,C and LuNjB,C obeys the BCS rela-
tion

2A,~(3.5+0.D)kgTc, (10)

suggesting that these are BCS-type weak-coupling supercon-

ductors. Equatior{9) gives &hgcs=321 A for YNi,B,C and
311 A for LuNi,B,C wherey-=3.6x10" cm/s is taken from
the band-structure calculatiofS.For both of these com-
pounds, the electron mean free patis smaller thargscs
i.e., [I/&5scd is approximately equal to 0.34 for YHB,C
and 0.61 for LUNjB,C. These ratios indicate that the Y and

Lu single-crystal samples may be considered as “qua

sidirty.” Thus, various standard formuf&si®*%valid for
the “dirty” limit are used in the analysis:
dH,
He(0)=0.6937 | — —=2| | (12)
aT Jr_¢

Cc

TABLE I1l. Superconducting parameters for single crystal
YNi,B,C and LuNjB,C determined from critical field measure-
ments assuming the dirty limit.

YNi,B,C LuNi,B,C

T, K 15.6 16.1
H¢, Oer 369 800
HPL(0) kOe 65.2 61.5
HP,(0) kOe 65.1 69.5
&0 A 71 73

#0 A 71 69

& e 64 39

& sesA 64 35

HP'(0) kOe 271 4.18
HP(0) kOe 2.71 4.39
«P(0) 17 10.4
«"(0) 17 11.2
AP0 A 1207 759
AP(0) A 1207 772

8References 82 and 105.
bReference 55.

HCl_ In K+05

A, & (13
Hco(0)
H.(0)= , 14
<(0) V2r(0) (14
A(0)=k(0)£(0). (15

The sIopeidHﬁ'zldT]TzTCa and[dHZ/dT];—r_, instead
of [dHﬁ'zldT]T:TC and[nggldT]T:Tc, determined as ex-
plained above, are used to calculetg(0) andHP5(0) from
Eq.(11). [dHE/dTlr_r_ and[dHE/dT] -1 are —6.03
and —6.02 kOe/K, respectively, for the YhB,C sample,
and—5.51 and—6.23 kOe/K, respectively, for the LupB,C
sample. The superconducting parameters determined from
substitution of these values in the above formulas are tabu-
lated in Table II.

The values of various parameters obtained here agree rea-
sonably well(within 10—15 % with the earlier reported val-
ues for single crystals as well as polycrystalline YBJC
samples. It is clear that there is essentially no anisotropy in
superconducting parameters of bRC single crystals with
respect to the axis. Earlier reports on the upper critical field
measurements for LubpB,C polycrystalline samples give
H,,(0)=90 kOe by Takagiet al>® and 57.5 kOe by Kim,
Kim, and Stewart* The H,(0) values determined here for
sc-LUNipB,C are close to that of Kim, Kim, and Stewart and
only two-thirds of the value reported by Takadial., but the
other parameterg£(0), \, and «] agree within 10-20 % of
the reported values by them. The anisotropy in various su-
perconducting parameters with respect todheis is of the
order of 10% in LuNjB,C in contrast to the absence of
anisotropy for YNjB,C.

The values of the BCS coherence length calculated from
the slope ofH.,(T), as done above, are very small, i.e.,
about 65 A for YNiB,C and about 35 A for LUNB,C.
These values are in severe disagreement with the BCS co-
herence length calculated from E®) in which the energy
gap is taken from the tunneling measurements. Strong-
coupling effects cannot explain this disagreement even
though renormalization of the Fermi velocity by the factor
(1+)\) "t will reduce the value from Eq9) by approximately
a factor of 2. To match the value 6§55 from Eq.(9) to that
determined from the slope of the critical field would require
a ratio of Ay/kgT.=9-15 rather than the value 3.5 reported
in Ref. 9, a clearly unreasonable number. Another possibility
is that the theoretical value af is off by a factor of 2—5.
Based on the value @fgcsdetermined from the critical field
the samples would be in the clean limit which would change
the numerical factor 0.693 in E¢L1) to 0.727 and the factor
0.85 in Eq.(12) to 0.74. This would increase the parameters
calculated for Table 1l by almost 5% and allow calculation of
the specific-heat coefficieny from the formula given by
Wiesmanet al 1% for clean superconductors, i.é> §g°2,
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1
po(1+1.3/(£52)

HCZ
daT

d
y=2.16X 10—5{ -

T=T,
(16)

where @gcz)*zggczl(lﬂx), and superscripH., means
that the coherence length is determined from
[d chldT]T:Tca, \ is the electron-phonon coupling param-
eter, y is in ergsfcm®K?) and p, is in Q cm. With =1,
determined earlier from the resistivity just aboVg, and
A=M\,, for YNi,B,C y*'=7*'=22.8 mJmol K?), and for
LuNi,B,C, 9"=182 mJmolK?® and +"=18.6
mJAmol K?). These values agree very well with those re-
ported recently, i.e., 18.7 nidfol K?) for YNi,B,C (Ref. 52
and 19 mJmol K?) for LuNi,B,C.4°

While we have usedH,(T) data well belowT, to get
[d HC2/dT]T:Tca, the positive curvature it ,(T) nearT,

has not been explained. Recently Bah@4lhas shown that
solving the BCS-Gor’kov theory nedt.,(T) directly by

generalizing pairing between plane waves to pairing betwee
many electronic Landau levels leads to significant deviationg
from the semiclassical theory for clean and isotropic super

conductors. This approach lowers the value of the upp
critical field and causeBl,(T) to vanish quadratically near
T, leading to a positive curvature, i.ed’H,/dT>>0 near

K. D. D. RATHNAYAKA et al.

TK)

FIG. 11. Critical fieldH,(T) as a function of temperatufefor
LuNi,B,C single-crystal samples. The prediction of Bahcall's cal-
ﬁulations(Ref. 107 with g=0.4 is represented by the dotted curve.
he solid curve is the prediction of the WHHM theory in the
dirty” limit. The dashed line is a straight line fit to the low-

temperature data used to determine the parameters for WHHM

e{heory. The inset expands the data n€ar

WHHM theory. This theory leads to a smaller value of

T., and indicates that a type-ll superconductor converts téd_,(0) for nonzerog values, i.e.g=0.4 leads to an=25%

type | nearT.. Bahcall has given the following equation
which describes the temperature dependendé ofT) near
Te:

1.6l Y9\ h+0.72h—(1-t)=0, 17

whereh=H &,(T)/H 5,(0), HE,(T) refers to the calculated
H¢(T) from Bahcall's theoryH 3,(0) is the upper critical
field atT=0 K in the semiclassical theorg=V,N(0) is the
BCS coupling constant, arte=T/T.. In the limit g—0, the
semiclassical result,H 5,(0)=H,(0)=—0.727T[dH_,/
dT]t-1c, is obtained(for clean type-ll superconductgrs
For nonzero values df, the presence of th¢h term makes
H.(T) vanish quadratically neaf., not linearly as in the

0.25

0.20

0.151

0.10+

Heo(T)/Hc(0)

0.05-

0.00
0.7

0.8
T/T,

0.9

Y

1.0

FIG. 10. Temperature dependenceHtff,(T)/HP,(0) vs T/T,
for the LUNpB,C single-crystal sample betwednT.=0.75 and
1.0. The line drawn through the data is a least-squares fit t61€).
given by Bahcall(Ref. 107 for g=0.4.

reduction in H.,(0) obtained from the semiclassical
(WHHM) theory. Equation(17) provides a good fit to the
H.(T) data betweed. and T=0.75T. for both Y and Lu
samples. The fit is better for the Lu sample than for the Y
sample. Figure 10 shows the fit fBiP,(T) of the Lu sample,
and a similarly good fit is obtained fdd?,(T) of the Lu
sample withg”'~0.40 andg'=0.38, respectively. The val-
ues for the Y sample arg”=0.58 andgP’=0.57. Theg
values suggest that YNB,C is a stronger coupling super-
conductor than LuNB,C which is also reflected in the
higher value of\, for YNi,B,C than for LuNpB,C. Bahcall
finds g=0.3 gives a good fit betweehl .,(T) for NbsSn
(Ref. 7 and Eqg.(17) nearT,. It may be noted that thg
value for lead, which is a strong-coupling superconductor, is
~0.41% Thus, the obtained values of for YNi,B,C and
LuNi,B,C place them in the strong-coupling superconductor
category.

Neither this theory nor the WHHM theory adequately de-
scribes the low-temperature behaviortdf,(T) for either of
the samples as shown in Fig. 11. Although Bahcall's theory
can be fit well to the high-temperature data where the posi-
tive curvature is seen, it predicts much too low a value for
H.o(T) at lower temperatures. It is difficult to compare the
H.»(T) data with the WHHM theory because of the positive
curvature it shows nedr., but, if the linear region of the
H.(T) data is extrapolated td., and that slope used with
the WHHM theory withT,=T.,, the resulting curve does
not describe the lower temperature data as shown in Fig. 11.
The figure clearly shows that the data lie on a straight line
for T<<0.8T, with no indication of deviation from linear be-
havior down to 0.3.. Thus, the WHHM theory does not
seem to be valid for these samples, even at lower tempera-
tures, i.e., the straight line behavior of the data extends far
beyond the region predicted by the WHHM theory. Lower
temperature measurements should be made to determine the
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extent of the breakdown of theory. Since Bahcall's th&8ry The resistive transition curves in external magnetic field
predicts a lower value ofl;,(0) than does WHHM(about  applied parallel and perpendicular to theaxis have been
23% lower forg~0.4) it gives even a worse description at used to determine the upper critical figtl,(T). A small

low temperatures. Thus, the theoretical ideas need to beurrent dependence dfi_,(T) has been observed in the
modified in order to explain the experiment#,(T) results  samples which becomes larger at lower temperatures.
reported here for YNB,C and LUNjB,C single crystals as H _,(T) for both samples shows a positive curvature fear
well as those reported in the literature for otti@NiB,C  \yhich is not predicted by the WHHM theory. Various char-

superconducting compounds. acteristic superconducting parameters have been calculated
using the slope oH.,(T) vs T in the temperature region
SUMMARY AND CONCLUSIONS T<085I'C The upper critical f|e|d'|C2(0) is typlcally 65

kOe, the Ginzburg-Landau coherence lengti0 A, the

Measurements of the in-plane rESiStiVity, in-plane ther-BCS coherence |ength and the penetration dg{ﬁﬂ) are
mopower, and upper critical field ,(T) for YNi,B,C and  ~65 and~1200 A for YNi,B,C, and~35 and~800 A for
LuNi,B,C single crystals are reported. The in-plane resistivi yNi,B,C, respectively. These numbers show that both
ities for both samples vary approximately linearly at roomsamples are type-Il superconductors. A severe disagreement
temperature and follow a power laW at low temperatures petween the BCS coherence lengths obtained from the mea-
with p=2.2 and 2.0, respectively, for the Y and Lu samplessyrement of the energy ghand fromH ,(T) measurements
for 1.257T;<T<0.10p, similar to that followed by the s found which can be only somewhat improved if one takes
strong-coupling and disordergd15 compounds. The analy- into account the renormalization of the Fermi velocity.
sis of the resistivity data shows that these are moderatelmcz(-r) for the Y sample does not show any anisotropy with
strong-coupling superconductors with the electron-phonoRespect to thec axis in agreement with the magnetization
parameten,=1.2 and 0.97 for the Y and Lu samples, re- measurementsyhile the Lu sample shows an anisotropy in
spectively. These values agree within 10—15 % with the vaIch(T) of about~10%. The positive curvature dfi.,(T)
ues obtained from the analysis of the specific-heat and supefearT, can be explained in terms of a recent theoretical idea
conducting transition temperature data. The Y sample showst Bahcalt®” who has calculatetti .,(T) directly by gener-

a large and positive transverse magnetoresistance, a_nd dfizing pairing between plane waves to pairing between
about 8%(H =45 kOg at 15 K. That for the Lu sample is many electronic Landau levels in presence of a magnetic
comparable(about 7% at 20 K not near the 40% value fie|d within the framework of the BCS-Gor'kov theory. A fit
reported for a polycrystalline sampieA very small anisot-  petween the experimental data ndarand the theoretical
ropy (~2%) is observed with respect to the directiontdf  expression given by Bahcall gives the BCS coupling con-
parallel and perpendicular to tleaxis of the crystal. stant V,N(0)~0.4 for LuNi,B,C and ~0.6 for YNi,B,C.

The absolute thermopowerS( as well as the slope These values place both samples in the category of strong-
(dS/dT)gr of both samples are negative from RTTpand  coupling superconductors. On the other hand, the low-
their magnitudes are approximately the sariSievaries ap-  temperature behavioidown to 4.2 K of H,(T) for both
proximately linearly near RT and an extrapolationTte0  samples cannot be explained by either the WHHM or Bah-
gives large intercepté~—4 wV/K) suggesting that in the call's theory.H,(T) at low temperature greatly exceeds that
absence of superconductivity there would be a low-expected from the slope of the region linear in temperature

temperature “knee” inS(T) similar to that produced by and presents an interesting challenge to the theory.
electron-phonon renormalization. The ratio of the highest

value of S/T at low temperatures to that at RT indicates the
possibility of a large value of the electron-phonon parameter
A(0), 6—8, which does not agree with the values \0)
estimated from other experimental measurements. The usual Work at Texas A&M University was supported by the
phonon-drag peak shape is not observed, but a large contiRobert A. Welch FoundatioiGrant No. A-0514 and the
bution beyond the diffusion term exists. The temperature deTexas Advanced Technology Progrdf10366-14). Ames
pendence of this contribution is similar to the phonon-drag_aboratory is operated for the U.S. Department of Energy by
contribution to the thermopower calculated for high-lowa State University under Contract No. W-7405-ENG-82.
temperature superconductorglayered compounds by  The work at Ames was supported by the Director for Energy
Trodahl®® Research, the Office of Basic Energy Sciences.
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