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The quaternary intermetallic rare-earth nickel borocarbRlEs,B,C are a family of compounds that show
magnetic behavior, superconducting behavior, and/or both. Thermal transport measurements reveal both elec-
tron and phonon scattering mechanisms, and can provide information on the interplay of these two long-range
phenomena. In general the thermal conductikitig dominated by electrons, and the high temperature thermal
conductivity is approximately linear in temperature and anomalous. R=effm, Ho, and Dy the low-
temperature thermal conductivity exhibits a marked loss of scattering at the antiferromagnetic ordering tem-
peratureTy . Magnon heat conduction is suggested for Tm. The « data forR=Ho lends evidence for
gapless superconductivity in this material abdyge Unlike the case for the non-magnetic superconductors in
the family, R=Y and Lu, a phonon peak in the thermal conductivity beldwis not observed down td
=1.4 K for the magnetic superconductors. Single-crystal quality seems to have a strong effecifTba
electron-phonon interaction appears to weaken as one progresseR#framto R=Gd. The resistivity data
shows the loss of scattering &, for R=Dy, Th, and Gd; and the thermoelectric power for all three of these
materials exhibits an enhancement belbyy.
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. INTRODUCTION ErNi,B,C, the samples are single-phase, reasonably high-
quality single crystals. The preceding statement is based on
Thermal conductivity is a very useful tool in the investi- the residual resistivity ratios, the residual resistivity, the
gation of electron-phonon interaction, particularly in the su-sharpness and completeness of the superconducting transi-
perconducting state where many other transport propertiggon, and the temperatures of the superconducting and mag-
provide little or no information. Recently discovered quater-netic transitions.
nary intermetallic compoundBNi,B,C (where R=a rare
earth or Y have attracted much attention because of the rich
variety of magnetic, superconducting, and heavy fermion
phenomena exhibited by them. Yf&,C and LuN;B,C are The four-terminal resistance was measured separately
nonmagnetic superconductors; whereas TBMC and from « and S, which were measured at the same time. The
GdNi,B,C exhibit magnetic order but not superconductivity. thermal conductivity was measured by the steady-state linear
However, for the compounds of the rare-earth elements Dyheat flow method. One end of the sample was thermally iso-
Er, Ho and Tm, superconductivity and magnetic order coexfated, a known, constant heat input via a resistive heater was
ist (see Naugleet al’ for a recent review applied to that end, and the resultant steady state temperature
To obtain a better understanding of the electron-phonomyradient was measured. The temperature difference between
interaction, thea—b plane thermal conductivitk, absolute the two ends of the sample was measured with a Au-Fe-
thermopoweiS, and electrical resistivity were measured on chromel thermocouple. Verification of the temperature differ-
the same single-crystal sample for e&ii,B,C compound, ence was provided by a chromel-constantan thermocouple
where R=Y, Lu, Yb, Tm, Er, Ho, Dy, Th, and Gd. The for most of the temperature range. The sample was com-
resistivity and thermo-electric power have been previouslypletely surrounded by a thermal shield held at the tempera-
measured for this family of materials by others. However ture of the cold end. Even though heat leaks were minimized
due to the sensitive dependencedfl) and S(T) on the by design, the actual heat leaks were measured and ac-
stoichiometry and the single-crystal quality and purity, it iscounted for in the thermal conductivity data. Thermal con-
essential to measugg(T) and S(T) on these samples for a ductivity measurements for a high-purity, well-annealed Ag
characterization of the sample and an interpretation of théoil agreed within an experimental uncertainty of accepted
thermal conductivity data. The results for all of these matevalues. The thermoelectric power measurements were cali-
rials are reported here with the exception of the heavy ferbrated by measuring a well-annealed piece of pure lead foil
mion compoundRk=Yb. Two samples of ErNB,C grown at and comparing the results to the accepted standard lead ther-
different times have been measured. The data for botmoelectric power reported by Robeft3he greatest source
samples are discussed, but not all of the data for both of thef error in the thermal conductivity and resistivity data is due
ErNi,B,C samples are shown in this paper. All samples werdo inaccuracies in the determination of the sample dimen-
provided by Ames Laboratory and were grown by thgBNi  sions. Sample dimensions for all samples were determined
flux method discussed by Xet al? With the exception of by using a Gaertner optical comparator. A detailed discussion

Il. EXPERIMENTAL DETAILS
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200 - - - - - A sharp increase in the low temperature thermal conduc-
] ] tivity is readily seen for TmNiB,C in the upper left inset of
Fig. 1 at about 1.4 K, very nedry=1.5 K. One possible
explanation for this is that this increase could be accounted
for by the loss of spin-flip scattering of electrons when the
magnetic moments of the trivalent rare-earth ions3Trin
the sample change from the randomly oriented paramagnetic
state to the ordered antiferromagnetic state. Due the fact that
this increase inc occurs at such a low temperature, approxi-
mately one-eighth of ., where the conduction electrons are
expected to be mostly condensed, one of two explanations is
required so electrons can be responsible for this sharp in-
crease ink. One possibility would be that in TmpB,C the
electrons responsible for thermal transp@bssibly those
that are also responsible for magnetic ordering of the rare-
earth iong are different from those participating in the Coo-
FIG. 1. x(mW/cm-K) vs T(K) for TmNi,B,C-O and Per pairs of superconductivity, i.e., a two-band model. A sec-
ErNi,B,C sample number 24 over several temperature ranges. ond explanation for how electrons could be responsible for
Arrows show superconducting and magnetic transitions. this sharp increase ir is gapless superconductivity. The
upper critical fieldH,, does decrease by almost 3 kOe at
of the experimental techniques can be found in the paper by, as discussed in the review by Naugleal.! but it does
Hennings! not vanish.H., is also highly anisotropic.
A second possible cause of this increasa iis the open-

Ill. RESULTS AND DISCUSSION ing of a thermal conduction channel, namely that of mag-
netic spin waves better known as magnons. This would ex-
plain why the increase is relatively sharp since the magnons

The inset in the lower right of Fig. 1 depicts theb plane  could appear suddenly at the onset of antiferromagnetic or-
x of TmNi,B,C, and the ErNiB,C number two sample der, Ty. This is the most likely explanation.
plotted versus temperature from 1.5 to 300 K. The high- A third possible explanation would be that the increase in
temperaturex’s for both materials(all three samplésare  thermal conduction is due to the lattice conduction increas-
approximately linear in temperature and similar in magni-ing either due to loss of scattering from the random magnetic
tude. Using a Wiedemann-Franz analysis with the measurespins as they order, or due to increased conduction resulting
p for these samples, the for all three samples (TmBB,C  from some lattice “tuning” atT, . The lattice component is
and both ErNjB,C) is dominated by the electronic portion unlikely to be the cause of the increase since the thermal
ke at T¢, while at 300 K, k. for all three samples is only conduction more than doubles B 1.4 K, and the phonon
about one-half of the total measured conduction decreases @S at low temperatures. Addition-

Typically, metalliclike samples exhibit a distinct peak in ally, the phonon-magnetic moment interaction, and hence
the thermal conductivity, usually around (0.1-@3), phonon-magnetic moment scattering, has been shown to be
where®, is the Debye temperature. Electrons appear to beveak in this family of compounds by analyzing the behavior
responsible for one-half or more of the thermal conductiorof the electrical resistivity and thermal conductivity f&
for the entire temperature range frof to 300 K in these =Dy, Tb, and Gd aff.* That is to say the increase in the
two materials. AdditionallyS and p for these two materials total measured thermal conductivity & was totally ac-
are metallic in nature, as discussed later in this paper. It isounted for by the increase i, wherex, was determined
therefore interesting that there is no sign of a phonon ofrom the measured electrical resistivity and the Wiedemann-
electron peak in the high-temperature thermal conductivityFranz law. The lattice “tuning” is also unlikely. It is possible
for TmNI,B,C or either ErNj}B,C sample well past the tem- that a lattice constant changes B} due to the magnetic
perature of the ordinary peak, (0.1-08). The Debye phase transition. It is very unlikely that this dominant pho-
temperature is estimated a348—-353 K for TmNjB,C and  non mode is heavily populated due to the low temperatures
~349-354 K for ErNjB,C by a scaling of molar masses (T=<1.4 K). Phonons are the least likely explanation for this
from LuNi,B,C. The Debye temperature for Lui,C was  sharp increase.
reported as~350 K by Carteret al® or ~345 K by Kim The data of Fig. 1 for ErNB,C sample number two in-
etal® dicate a subtle increase inat Ty=6.8 K due to the antifer-

Figure 1 depicts an expanded plot of tad planex of  romagnetic ordering of the magnetic moments of th&"Er
TmNi,B,C and ErNjB,C sample number two plotted versus ions. Thex data for ErNj}B,C sample number one do not
temperature from 1.5 to 30 K. The superconducting phasendicate any change dt, . Also, the low temperature data
transitions T.=11 K for both TmNyB,C and ErN;B,C) do not indicate any change at,=2.3 K due to the weak
are clearly indicated inc as a distinct change in slope as ferromagnetic ordering of the magnetic moments of th& Er
expected for a second-order phase transition. ions for either of the ErNB,C samples. The absence of an
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indication of T\ in the x data is not alarming in the sense ¥ 77—
that the other sample of this family with weak ferromagnetic
order, TbN}B,C (discussed later in this paperdoes not
exhibit any indication ofT g in the x data either.

One possible explanation of the absence of a largeri
sharper indication off in the x data of both ErNiB,C < 75
samples would be that the anti-ferromagnetic ordering of theg ]
magnetic moments mainly affects the electron scattering an(é
has a negligible impact on the phonon scattering. Singes c
a little over one-half off . for ErNi,B,C, the majority of the
electrons could already be condensed into Cooper pairs &
this temperature; hence, the thermal conduction due to elec
trons should be small, and therefore the change in scatterin ]
of electrons afl’y could have a negligible affect on thermal P — - Joo _
conduction. In support of this argument is the fact that the 0 3 6 9 12 15
change of the thermal conduction due to antiferromagnetic T(K)
ordering is entirely accounted for by the change to electron
thermal conduction for the DyBB,C, TbNi,B,C, and FIG. 2. «(mW/emK) vs T(K) for HoNi,B,C-O and
GdNi,B,C samples, i.e., paramagnetic to antiferromagneti©YNi2B2C—A for two temperature ranges. Arfows show supercon-
ordering has minimal to no impact on lattice thermal conducducting and magnetic transitions.
tion in these samples. This interpretation is based on the ] ) i ] )
measured electrical resistivity and assumes that th&agnitude. Using a Wiedemann-Franz analysis with the
Wiedemann-Franz law is valid ned . measureg for these two samples, thefor both materials is

Evidence against this argument is the fact that the uppeflominated by the electronic portioty at T, while at 300
critical field H,, again decreases by almost 3 kO&at(see K, «e for both samples is just above one-half of the total
Naugleet al?), implying a shorter coherence length, fewer measured«. Again electrons appear to be responsible for
Cooper pairS, and more uncondensed e|ectrH@§jS again one-half or more of the thermal _Conductlon for the entire
highly anisotropic. The decrease li., could alternatively —temperature range froffy; to 300 K in these two material§

100

50

be due to an increase in the internal magnetic fgjg,  andp for these two materials are also metallic in nature as
which could imply a higher superconducting electron densitydiscussed later in this paper. Again it is noteworthy that there
rather than a lower one. is no sign of a phonon or electron peak in the high tempera-

A second possible explanation of the absence of a largeftire thermal conductivity for either HObB,C or DyNi,B,
sharper indication offy in the « data of both ErNiB,C ~ Well past the temperature of the ordinary peak,
samples would be the lower quality of the EsR}C samples  (0.1-0.3Pp. The Debye temperature is estimated as
which is discussed later. The Egf,C sample number two ~350-356 K for HoNjB,C and ~352-357 K for
appears to be higher quality than the EMBEC sample num-  DYNi>B,C by scaling of molar masses from Ly&,C.
ber one, but it is likely not as high a quality single crystal as Figure 2 depicts an expanded plot of thé plane « of
the other members of tHeNi,B,C family investigated here. HONI,B,C and DyN}B,C plotted versus temperature from
The absence of an indication f, in the ErN,B,C number 1.5 to 30 K. The superconducting phase transition for
one samplex data is attributed to the lower quality single HONi>B>C (T.=8.5 K which is denoted by an arrow in Fig.
crystal, and the likely presence of an unwantadn-122)  2) is not indicated in thex data of Fig. 2, and the supercon-
phase or an unwanted contaminant. ducting phase transition for DypB,C (T.=6.2 K which is

Thermal conductivity data for temperatures below 25 Kalso denoted by an arrow in Fig) & also not apparent in
have been previously reported by Cetoal” for a polycrys-  Fig. 2.
talline sample of each TmpB,C and ErNjB,C. The data The data of Fig. 2 exhibit an increase 4nfor HoNi;B,C
reported in this paper are about 38% greater in magnitude f?f ~25% atTy, presumably due to the loss of spin-flip
TmNi,B,C and 400% greater for ErjB,C than that re- Scattering. This ordering of magnetic moments should not
ported by Cacet al. Additionally, the data of Caet al. did  affect phonons due to the apparent weak phonon to magnetic
not show a clear indication of. for TmNi,B,C, but did moment interaction in this family of materials. This afore-
show an indication of botf, and Ty for ErNi,B,C, with mentioned weak interaction is_ based on thg fact that th_e
the Ty, indication disappearing in non-zero external magneticchange of the thermal conduction due to anti-ferromagnetic
fields. ordering is entirely accounted for by the change to electron
thermal conduction for the DyMB,C, TbNi,B,C, and
B f HONILB.C and DVNi.B.C GdNi,B,C samples as discussed above. Therefore, this large

- fe OT HONIZB,L and DyNI2B, change ink below T, seems to be due solely to electrons.

The inset of Fig. 2 depicts the—b planex of HoNi,B,C  This implies that the normal, i.e., uncondensed, electron den-
and DyNpB,C plotted versus temperature from 1.5 to 300sity at Ty for HoNi,B,C is significant.

K. The high temperature for both materials is again ap- This explanation is consistent with the critical-field data
proximately linear in temperature and almost the same if HoNi,B,C,! which show a peak for the temperature range
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betweenT. and Ty that drops sharply with a deep minimum 200
at Ty . The large electronic contribution remaining &y is
also consistent with point contact tunneling measurements
which suggested that the superconducting state in
HoNi,B,C, above the Nel temperaturdy=5.2 K, does not
exhibit the usual gap.lIt is interesting to note that for
HoNi,B,C the upper critical fieldH., again decreases by
about 3 kOe afTy (see Naugleet all) consistent with the
ErNi,B,C and TmNjB,C upper critical-field decreasél,
is again anisotropic, howevetl, decreases by about the
same amount for the field in theeand in thea directions for .
HoNi,B,C. 40
Sincex for HoNi,B,C is dominated by the charge carrier
thermal conduction, it is therefore surprising that there is no P4
indication at all of the superconducting transition in tke 0
data. It should be noted however, that this absence of ar
indication coupled with the dominance ef for HoNi,B,C
is consistent with predictions by Ambegaokar and Griffin ~ FIG. 3. «x(mW/cm K) vs T(K) for TbNi;B,C-O and
that there should not be a clear change in the electronic thef2dNiB,C—A for two temperature ranges. Arrows show magnetic
mal conductivity at the onset of gapless superconductivity. transitions.
For HONLB,C, « also shows a weak feature at abdut
=5.5 K, which agrees well witfTy;;, one of the two other ture thermal conductivity for either ThpB,C or GdNLB,
magnetic transition temperatures reported by Canéiel®© well past the temperature of the ordinary peak,
An even weaker feature ir(T) can be discerned, with a (0.1-0.3Pp. The Debye temperature is estimated as
good imagination, when the data aroufig is expanded at ~354-359 K for TbNjB,C and ~355-360 K for
the third magnetic transition temperatureTat 6.0 K, Ty,. ~ GdNiLB,C by scaling of molar masses from LuiB;,C.
Neither of these are visible in Fig. 2 due to the scale of the Figure 3 depicts an expanded plot of theb planex of
plot. TbNi,B,C and GdNjB,C plotted versus temperature from
Figure 2 depicts the thermal conductivity data for1.5 K to 30 K. The thermal conductivity for TbpB,C
DyNi,B,C (Ty=10.3 K). Notice thatx starts to increase (Tn=14 K) clearly starts to increase &, although not as
sharply atTy, again presumably due to the loss of spin-flip sharply as that for DyNB,C. Also, the change im due to
scattering. It is noteworthy that the reduction in scattering athe reduction in scattering &ty is again totally accounted
Ty is mostly accounted for by the reduction in the scatteringfor by the reduction in scattering of the charge carriers, i.e.,
of the charge carriers, as mentioned before. This implies thattotai— & (N0t shown in Fig. Bdoes not change &ty for
the magnetic phase transition has a minimal effect onfbNi,B,C.
phonons. Again this conclusion is based on the measpred The second-order antiferromagnetic to weak ferromag-
and again assumes that the Wiedemann-Franz law is validetic transitionT,yr=6-8 K, which is denoted by an arrow
nearT,. in Fig. 3, is not indicated in the ThpB,C data of Fig. 3.
This is similar to the absence of an indication of the weak
ferromagnetic phase transition &,z for both ErNLB,C
samplegqsee Fig. 1 and the earlier discussionhis absence
The inset of Fig. 3 depicts the—b planex of TbNi,B,C  of a clear indication of the weak ferromagnetic phase transi-
and GdN;B,C plotted versus temperature from 1.5 to 300tion in the thermal conductivity data could be explained by
K. The high temperatur& for both materials is again ap- the fact that this transition does not strongly affect the scat-
proximately linear in temperature; however, the magnitudeering of charge carriers. Evidence to support this possibility
of x for GdNi,B,C is uncharacteristically high as comparedis the fact that an indication of this magnetic transition is
to the other members of tHeNi,B,C family reported here. only a subtle change in slope in the ThR}C electrical
Using a Wiedemann-Franz analysis with the measpréot  resistivity data, as discussed later in this paper. Additionally,
these two sampless for TbNi,B,C is dominated by the this antiferromagnetic to weak ferromagnetic transition could
electronic portiornk, at Ty, while for GANiLB,C k. is about  very easily have little or no impact on phonon scattering, as
one-half of the total measured at Ty . At 300 K, . for  appears to be the case for the paramagnetic to antiferromag-
TbNi,B,C is just above one-half of the total measured netic transition for DyNjB,C, TbNi,B,C, and GdNjB,C.
andx, for GdNi,B,C is below one-half of the total measured  The thermal conductivity data for GdMB,C (Ty
k. Once again electrons appear to be responsible for roughly 20 K, which is denoted by an arrow in Fig) 3how a
one-half or more of the thermal conduction for the entiresubtle change in the slope af at Ty, which is less clear
temperature range from 1.5 to 300 K in these two materialsthan that for TONjB,C. It is interesting that aty, the elec-
Sandp for these two materials are also metallic in nature, agronic portion of« is only one-half of the total measured
discussed later in this paper. Again it is noteworthy that ther& his differs from all of the other members of tiRNi,B,C
is no sign of a phonon or electron peak in the high temperafamily except for YbN;B,C. This could partly explain the
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temperature behavior of in the rare-earth nickel borocar-
bides is not associated with magnetic scattering. The Debye
temperature was reported ast90 K by Movshovictet al1?

or ~540 K by Honget al X for YNi,B,C, and~350 K by
Carteret al> or ~345 K by Kim et al® for LuNi,B,C.

Hilscher and Micho* reported that the magnitude of the
lattice contribution to the specific heagy, of LUNi,B,C in-
creases by about 125% as the temperature increases from
200 to 300 K. Figure 4 shows that the magnitude of the high
temperaturex of LuNi,B,C increases by only about 10%
over this same temperature interval. Taking the charge-
carrier contributionx, to be temperature independent at
these higher temperatures, the lattice contributigp then
increases by about 30% since it is roughly one-third of the
total thermal conductivity over this temperature interval. Us-
ing the simple relation,,=cp1/3, and taking the velocity

FIG. 4. x(mW/cmK) vs TK) for YNi,B,C-O and Of sound to be approximately constant over this temperature
LuNi,B,C—A for two temperature ranges. Arrows show supercon-range, the phonon mean free path must decrease rather
ducting transitions. strongly (300« =0.24150) In LUNi,B,C over this tempera-

ture interval. The typical phonon-phonon scattering should
lack of a clear indication inc at Ty, which is a first-order cause the phonon mean free path to decreaseTgsi.g/,
phase transition in the specific heat as reported by Hilschdrg,k=0.66 |59« . This suggests that some other scattering
and Michor'* GdNi,B,C also has the highesty, which  mechanism, probably phonon-electron scattering, in addition
implies the greatest spin fluctuations due to thermal energyp the typical phonon-phonon scattering is important at
of all of the members of th&Ni,B,C which order antifer- higher temperatures. This lends further evidence to the ap-
romagnetically. This could also help explain the lack of aparent strong electron-phonon interaction in the family of
clear indication ofTy in « data. At the lower modulated materials and particularly in LubB,C.
antiferromagnetic ordering temperaturg =14 K, which is Figure 4 depicts an expanded plot of théd plane« of
denoted by an arrow in Fig. 3, there is a subtle change in th&¥Ni,B,C and LuNpB,C plotted versus temperature from
slope ofk. Again, it is worthwhile to note that, as discussed1.5 K to 30 K. The superconducting phase transitioms (
later in this paper, this magnetic phase transition is only=15.7 K and 16.6 K for YNjB,C and LuN;B,C, respec-
weakly indicated in the GdMNB,C resistivity data. This im- tively) are clearly indicated i as a distinct change in slope
plies that this transition does not strongly affect the scatteras expected for a second-order phase transition. Both of the
ing of charge carriers, which could help to explain why thisnonmagnetic superconductors ¥B,C and LuN;B,C also
transition is not clearer in the data. clearly exhibit a strong enhancement in the low temperature

Thermal conductivity data for temperatures below 25 Kk belowT. as shown in Fig. 4. The low temperature peak for
were previously reported by Caai al.” for a polycrystalline  the YNi,B,C sample is lower in magnitude, and peaks at a
sample of GdNIB,C. The data reported in this paper are lower temperature than that for the LyB,LC sample. None
about 500% greater in magnitude than that reported by Caof the magnetic superconductor®=Tm, Er, Ho, and Dy
et al. Additionally, the data of Caet al. did show an indi- exhibit a similar broad enhancement in the low
cation of Ty but do not show an indication of, in the  temperaturec.
polycrystalline data of GANB,C. Seraet alindicated that the simplest explanation for the
enhancement ir in the superconducting state is an increase
in the phonon thermal conductivity due to reduced phonon-
electron scattering as the normal electrons condense into

The inset of Fig. 4 depicts the—b planex of YNi,B,C  Cooper pairs. This explanation is consistent with recent in-
and LuNipB,C plotted versus temperature from 1.5 to 300 K. elastic neutron scattering experiments for YBIC (Ref. 15
The high temperature for both materials is approximately and for LuNiLB,C,*® which showed an anomalous phonon
linear in temperature and close in magnitude. Using &ehavior (soft phonon modésbelow T, and suggested
Wiedemann-Franz analysis with the measupedor these strong electron-phonon coupling for both these materials.
two samples, the electronic portiaq is about two-thirds of These reduced energy phonon modes, one optical and one
the total measures for both YNi,B,C and LuNjB,C from  transverse acoustit,lay below 2\, the condensation energy
T, to 300 K. Additionally,Sandp for these two materials are of a Cooper pair. This means that the phonon modes could
once again metallic in nature. Again it is noteworthy thatnot decay by breaking a Cooper pair, and therefore the life-
there is no sign of a phonon or electron peak in the highime of the soft phonon mode is increased. Additionally, the
temperature thermal conductivity for either YJBL,C or  thermal conductivity measurements performed on )BNC
LuNi,B,C well past the temperature of the ordinary phononby Seraet al1*in an external magnetic field showed that this
peak, (0.1-0.8p) . This indicates that the anomalous high- enhancement was easily suppressed by external fields above
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the lower critical field value, lending evidence to the argu- 601 T - - - -
ment for strong electron-phonon interaction in these two ma- T
terials. It should be noted that Boakrenall’ also indepen- 50
dently observed the enhancement for LyBJC, and

reported that the very low temperature behaviorkofvas

cubic in temperature indicating phonon heat conduction lim-
ited by boundary scattering. £

A less likely explanation for the enhancement is the con- 5
vective contribution to the thermal conductivity discussed by 2} ]
Ginzburg®® This convective contribution is proportional to & 201 .
the normal, i.e., uncondensed, charge carrier componen ]
times kgT./Eg)2, whereEg is the Fermi energy. This con- 10 ]
vective contribution should be negligible for these two ma- ] ]
terials due to the low superconducting transition tempera-
tures. Another possible explanation is that the samples o 50 100 150 200 250 300
become “transparent” to phonons as the temperature ap: T (K)
proaches that of the peak temperatures. This could be a result
of the sample changing with temperature, e.g., a lattice con- FIG. 5. p(u{ cm) vs TK) for the first ErN,B,C sample for
stant tuning, the result of the dominant phonon frequencywo temperature ranges.
which varies with temperature, or a combination of the two.

The low-temperature enhancement in the nonmagnetic siMghestp,’s (R=Tm, the first Er, and Hpare the modified
perconductors YNB,C and LuNpB,C is caused by an in- pg’s that includepspy. Additionally, the three lowest RRR’s
crease in the phonon conductivity. Howeverfor the mag- (R=Th, Gd, and Dy are atrtificially deflated due to the ex-
netic superconductors does not show a similar enhancemenfusion of pspqin p, .

Two conclusions of Hennindscould help explain this ab- The superconducting transitions are all sharp, with the
sence of an enhancement beldwfor the magnetic materi- exception of the first ErNB,C sample, and are all complete,
als. The proportion ok;.4 due tox, is much smaller for the with the exception of the both ErpB,C samples, and cor-
magneticR=Tm, Er, Ho, and Dy than for the nonmagnetic respond to th& . for the bulk material. Overall, the resistiv-
R=Y and Lu, and therefore that due to phonons is greateity data shows that these are all high quality single-crystal
for the magnetic samples. Also the electron-phonon interacsamples, except for the first Effi,C sample which appears
tion seems to be weaker for the magnetic superconductors & be a lower quality sample and clearly has one or more
compared to the nonmagnetic superconductors. Then thénwanted phases or contaminants present.

phonon heat conduction contribution B¢ starts at a higher The disordered paramagnetic to ordered anti-
proportion of the totak and increases less, whilg starts at  ferromagnetic transition shows up clearly for the three
a lower proportion of the total thermal conductivity and de-samples where superconductivity does not masRit Dy,
creases less which could explain the absence of an enhancBs, and Gd. This transition also occurs at the correct tem-
ment. Additionally, the phonon spectra for the magnetic superatures for all threé.e., at a temperature corresponding to
perconductors is unknown and could be different from thatT for the bulk material. The decreasegdrbelow Ty shown

of the magnetic superconductors. in Fig. 6 for DyNL,B,C, TbNi,B,C, and GdNjB,C is due
mainly to the loss of spin-disorder resistivifyA sharp kink

in p at T=Ty is evidence, according to Gratz and
Zuckermann'? that there are localized magnetic moments

The high temperaturel=100 K) p for all of the samples  whose properties cannot be satisfactorily explained by a
of the RNi,B,C family investigated here is approximately band model.
linear in temperature with varying slight amounts of curva- The low-temperature weak ferromagnetic transition, re-
ture down toward the temperature axis. The room temperaported in the literature, e.g., Lynet al,?° as occurring at
ture p’s vary from 40 to 72u€) cm. Figure 5 shows tha-b  T,,-=6-8 K, appears only as a subtle change in the slope of
plane, direct current electrical resistivity versus temperaturéghe TbNiB,C resistivity data of Fig. 6. The lower tempera-
for the first ErNpB,C sample from 1.5 to 300 K. The tem- ture magnetic transition for GdpB,C, reported in the lit-
perature dependence of the high temperapurshown for  erature, e.g., Detlefet al,?* as occurring atTy, =13 K,
this sample is typical of all of the members of tR&li,B,C  again appears as a subtle change in slope in the BdEi
family discussed in this paper. The residual resistivity ratiogesistivity data of Fig. 6, but between 14 and 15 K. There is
(RRR’s), range from 11.9 t6=29.7, and the residual resis- also a small broad feature in thedata between 5 and 9 K
tancesp,’s are all<5 u{) cm. ForR=Tm, Er, and Hop, that does not correspond to any clear feature instiata.
was taken to b@(T.+)=p,+ pspa Wherep,, is the standard Figure 6 is a plot of the low-temperature electrical resis-
(T=0) residual resistivity. The spin disorder resistivity, tivity versus temperature for the three compounds that have
pspd IS defined as the decrease in resistivity due to the reantiferromagnetic ordering that is not masked by supercon-
duction in scattering as the magnetic moments of the trivaductivity, DyNi,B,C, TbNiLB,C, and GdNjB,C. The data
lent rare-earth ions order antiferromagnetically. The threelearly indicate that the sharpness of the change at the

—_—
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FIG. 6. p(u cm) vsT (K) for DyNi,B,C-O, TbNi,B,C—-A, FIG. 7. S(nVIK) vs T(K) for the first ErNyB,C sample for two
and GdNjB,C-V. Arrows show superconducting and magnetic f€mperature ranges.

transitions.
from 7 to 14 uV/K. Figure 7 shows the-b plane absolute
ordering temperature decreases from DyC to thermopower versus temperature for the first EBYC
GdNi,B,C. The data for DyNiB,C is much different than Sample from 1.5 to 300 K. The temperature dependence of
that of TbNL,B,C, and GdNjB,C. This should be expected the high temperaturgshown for this sample is typical of all
due to differences of the antiferromagnetic order belgyy ~ Of the members of thd&Ni,B,C family discussed in this
DyNi,B,C goes from having disordered spins to a commen{aper, except foR=Tb and Gd. An analysis of the thermo-
surate antiferromagnetic order, ferromagnetic sheets stack&ectric power(see Henningsfor detailed discussionthat
antiferromagnetically. In contrast to this, ThB,LC and Was somewhat similar to that performed earlier by Bhatnagar
GdNi,B,C both go to a modulated incommensurate antifer-et al,?® indicates that the presence of disordered magnetic
romagnetic order afy, . spins adds a term linear in temperature and proportional to
Comp|ete magnetic order exists at zero temperature, bﬁhe de Gennes factor of the trivalent rare-earth ions to the
at any non-zero temperature there will be spin fluctuationdligh-temperature thermoelectric power. This conclusion is in
due to the thermal excitation energy, and these fluctuationdgreement with the general results reported earlier by Gratz
will be the greatest just beloW,. These spin fluctuations and Zuckermanii for rare-earth transition-metal com-
will certainly reduce the effect of ordering in decreasing thePounds. . _ .
electrical resistivity afTy. SinceTy increases from about ~ The thermoelectric power below the magnetic ordering
Ty=10.3 K for DyNi,B,C throughTy= 14 K for TbNi,B,C ~ temperature of DyNB,C, TbNipB,C, and GdNjB,C in
to Ty=20 K for GANi,B,C, it is natural to expect the resis- Fig. 8 all show a low-temperature enhancement in the mag-
tivity transition to be the least sharp for GdB,L,C and the
sharpest for DyNiB,C just as the data of Fig. 6 show. Ad- 0 Gy, &
ditionally, the phonon scattering aty is greater for the
higherTy, values and is a higher percentage of the total scat-
tering, which means the decrease in spin flip scattering will
be relatively less important for highdi, values.

V/K)

F. Thermoelectric power

The absolute thermoelectric power of all the compound35 34
discussed in this paper is similar in temperature dependenc
and close in magnitude to that reported previously by Rath-
nayakaet al?2 and Bhatnagaet al** for other single-crystal -4
samples of these materials. The high temperatufe (
=100 K) Sfor R=Y and Lu-Dy is approximately linear in

temperature dependence and is negative for the entire temr = 7T T T T T T T LT T T LT T T 0T T s g
perature range. Each of these materials also has a quite larg T (K)

(negative 2—-6uV/K) intercept when the linear portion is

extrapolated down to O K. This behavior inS is quite FIG. 8. S(uV/K) vs T(K) for DyNi,B,C-O, TbNi,B,C-A,

anomalous as discussed earffef® as is the high tempera- and GdNjB,C-V. Arrows show superconducting and magnetic
ture thermal conductivity. The room temperat®8s range transitions.
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nitude ofSabove that of the paramagnetic state. For all threen S, magnons would also be expected to contribute appre-
materials, this enhancement occurs at temperatures belogiably to the thermal conduction.

Tn. For DyNi,B,C (Ty=10.3 K), the enhancement in the

magnitude ofSis the greatest of the three, starts sharply at G. Quality of the ErNi,B,C samples

Ty, peaks at abouT=8 K, and is driven down to zero at
the onset of superconductivity @at=6.2 K. For TbN;B,C
(Ty=14 K), there is a sharp change in the slop&att Ty .
The magnitude ofS increases slowly with decreasing tem-

The inset of Fig. 5 is an expanded view of the low tem-
peraturea—b plane resistivity versus temperature for the first
ErNi,B,C sample. The low temperatupedata for ErN;B,C
sample number one show the onset of superconductivity at

perature. until aboutlwe=7 K. At TWF, there i,s another 11 5"k \which agrees well with that of the highest quality
change in the slope db and the magnitude o increases  gjngle-crystal samples. The superconducting transition is not

much more quickly until it begins to decrease below aboulsharp with a slight “shoulder” at low values of resistivity.
T=4 K. For GdN,B,C (Ty=20 K), there is a very subtle - additionally, the superconducting phase transition is not
change in the slope @at Ty which is denoted by an arrow complete until aboufr=5.5 K (not visible on the inset of
in Fig. 8. At the lower modulated antiferromagnetic orderingFig. 5 due to scaleindicating that this may not be a single
temperaturdy =14 K, which is denoted by an arrow in Fig. phase single crystal sample. The residual resistivity ratio
8, there is a second subtle change in the slop§, dfelow (300 K)/(p(’)+pspd), where Q)(;+pspd)=p(Tc+), for
which the magnitude o8is enhanced until it decreases rap- ErNi,B,C sample number one is 12.7. The spin disorder re-
idly below aboutT=5 K. There is also a subtle feature in sistivity p,q is defined as the decrease in resistivityTgt.
the S data corresponding to the small, broad featurepin Additionally, p(T.+) for this sample is 4.0 cm. The
between 5 and 9 K. inset of Fig. 7 is an expanded view of the low temperature
One possible cause of this low temperature magnetic om—b plane thermopower versus temperature for the first
dering enhancement in the magnitudeSaf a contribution  ErNi,B,C sample. Thes data for ErNyB,C sample number
within the diffusion thermoelectric powe®;(T). This con- one show the onset of superconductivity at 11.2 K, a “shoul-
tribution could result from the reduction in scatteringTat ~ der,” and completion of the phase transition at arouhd
due to the loss of spin-flip scattering for all three materials as=5 K which agrees exactly with the superconducting transi-
the rare-earth magnetic moments order antiferromagneticallyion depicted in the resistivity data.

This reduction in scattering is clearly seen in plots of the The first ErNpB,C sample has the highesg of all of the
electrical resistivity versus temperaturdFig. 6), for materials investigated here, one of the lower RRR’s of all of

DyNi,B,C, TbNi,B,C, and GANjB,C. The resistivity ex- the materials investigated here, and the “shoulder” in the
hibits the sharpest and greatest decrease in scatterifig at supterconductlplgj transg[TGOLb(ﬂ}ar}dtﬁ nelt?ertof Wh'Cht
for DyNi,B,C, and the smallest and least sharp decrease f 0 fo zero until around = : o these facts sugges
GdNi,B,C. This is analogous to the sharpness and magni: at this sample may not be totally a single crystal, or may

. have an unwanted phageon—122] present. It is also pos-
tude_of tr_\e_ enhancement 8ffor these three mgterlals. Note oivie that the first ErNB,C sample may be contaminated
that in Sit is d7/de that must change, nat as inp and k.

. .o o ; ) with a different rare-earth. DyhB,C is a great candidate for
Since spin-flip scattering is completely lostiag, its contri- 14 contaminant Since, is 6.2 K and they andS data go to

bution tod/de is also lost, and this will be reﬂectgd inthe ,ar0 around 6 K. AdditionallyTy for DyNi,B,C is 10.3 K
total d7/de. Therefore, as long aér/de for magnetic scat- g4 the “shoulder” in thep and S superconducting transi-
tering is nonzero, there should be a chang&at Ty. Also  tions for ErNj,B,C is just above 10 K.
note that the resistivity of TbNB,C shows a subtle indica- The low temperature data for ErNjB,C sample number
tion of Tye, whereas the low-temperature enhancement inwo contain a very sharp superconducting transition without
the magnitude ofS begins quite sharply for ThhB,C at  the “shoulder” contained in the data of the first ErNiB,C
Twe- sample, but the phase transition is again not complete until
A second possible cause of this low temperature magnetiaboutT=5.5 K. The remaining resistance between 5.5 and
ordering enhancement in the magnitudeSag a contribution 11 K is a slightly greater percentage of the value at
to the thermoelectric powe®,(T), which is due to the pres- T+than that for the first ErNB,C sample. The RRR for
ence of magnetism and or magnetic ions within the sampleghe second ErNB,C sample is 14.3. Th& data for the
This contribution could result from a magnon drag effect duesecond ErNiB,C sample show a very sharp superconducting
to the electron-magnon interaction. This explanation seemiansition that drops to zero at abobit11 K. The absence
reasonable for DyNB,C, TbNi,B,C, and GdNjB,C, given  of a “shoulder” and the sharpness of the transition are simi-
the ordered magnetic states of these materials and low tentar to the resistance data for this sample. Based on this and
peratures of the enhancement. The enhancement occursthe higher RRR, the second EpB,LC sample was deter-
temperatures ofT=10.3 K for DyNiL,B,C, T=7 K for = mined to be of higher quality than the first EEBLC sample.
TbNi,B,C, andT =14 K for GdNi,B,C. These temperatures The Sdata for the second ErpiB,C sample indicate that the
may seem to be slightly high for magnons to be importantfransition is complete at about 11 K, unlike the resistance
but Blatt et al?* attributed the large peak in the thermo- data for this sample and unlike both theand S data for the
electric power of ferromagnetic iron at 200 K to magnonfirst ErNi,B,C sample. The magnitude & for the second
drag effects. Additionally, for magnon drag to be importantErNi,B,C sample is slightly lower than that of the first
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ErNi,B,C sample. All of these facts suggest that the secondneans that inelastic scattering is very important at these tem-
ErNi,B,C sample is a higher-quality single crystal than theperatures and that suggests that electron-phonon scattering is
first ErNi,B,C sample even though the superconductingdominant. All of this is evidence supporting a strong
transition is again not complete at 11 K. electron-phonon coupling for both of these materials. Based
One possible cause of this “step” in the low temperatureon the behavior ok, S andp, the strength of the electron-
p (belowT,) of both ErN,B,C samples could be related to Phonon coupling seems to decrease across this family from
the silver epoxy used to attach the two voltage leads to théhe non-magnetic LUNB,C to the magnetic GdNB,C.
samples for the four-termingd measurements. This is an This result is consistent with the conclusions of Gratz and
unlikely cause considering thap’s of the other eight Zuckermanrt? for their studies of many families of rare-
RNi,B,C samplegfive of whom are superconducting in this €arth transition metal compounds.
temperature rangavere measured with the same method and  The magnetic moment-phonon interaction is very weak at
none of them show a similar “step.” A second possible causdest, and possibly nonexistent. This result is based on the
of this “step” could be a material property specific to behavior of the electrical resistivity and thermal conductivity
ErNi,B,C. Examples of this would be unconventional gapat the magnetic ordering temperatures and the fact that the
behavior or perhaps an uncharacteristically low critical curhonon heat conduction does not changd gt The pres-
rent density. The electrical current used fomeasurement ence of disordered magnetic spins has been found to add a
Varied from Samp|e to Samp'e, but was the |Owest Cur(m,nt term linear in t_emperature and pI’OpOI’tlonal tO the de Genr!es
3, or 5 mA that gave an acceptable signal to noise ratio. Thdactor to the high temperature thermo-electric power consis-
first and second EriB,C samples had the fourth smallest tent with the work of others®#*There is also a low tem-
and smallest, respectively, cross-sectional areas of the tdifrature enhancement in the magnitude of the thermoelectric

samples investigated. power that is not masked by superconductivity for the three
samples that have antiferromagnetic order abdye The
IV. CONCLUSIONS magnetic moments are responsible for interesting effects in

the low-temperature thermal conductivity such as the gapless

The high temperature thermal conductivities of all of thesuperconductivity in HONB,C. The sharp increase in the
single-crystal rare-earth nickel borocarbides discussed bghermal conductivity of TmNiB,C atT=1.4 K is probably
this paper are approximately linear in temperature, and theéue to additional heat conduction by magnons. Future mea-
electronic heat conduction contributes more than half, excegiurements belowW =1.4 K could better delineate the nature
for GdNi,B,C, where the charge carriers are responsible foobf this effect.
just less than one-half of the total thermal conductivity. Finally, the results for the two ErpiB,C samples indicate
These results assume that the Wiedemann-Franz law is athe strong dependence of the thermal conductivity on the
plicable, i.e., inelastic scattering is not dominant. All of thesequality of the single-crystal sample. This indicates that even
materials are metalliclike based &andp. The high tem-  though the electron thermal conduction dominates, the lattice
perature behavior of the thermal conductivity for all of thesecontribution to the thermal conductivity is important.
metalliclike compounds is anomalous. This anomaly is the
absence of a peak around 0.1-@3, and a consequent
increase ofx with temperature.

The thermal conductivities well below,. of YNi,B,C This work was supported by the Texas Center for Super-
and LuNipB,C are both clearly dominated by phonon con- conductivity and Advanced Materials at the University of
duction as indicated by the enhancement in thermal conduddouston (TCSAM), the Robert A. Welch FoundatiofA-
tivity. The failure of Wiedemann-Franz law in the tempera-0514), and the NSHDMR-0111682 and 0103455Ames
ture range of T=20 K-80 K for both YNjB,C and Laboratory is operated for the U.S. DOE Office of Basic
LuNi,B,C, which was discussed in detail by Hennifgs, Energy Services by ISU under Contract No. W-7405-Eng-82.
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