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Thermal conductivity of RNi,B,C (R=Y,Ho) single crystals
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We have studied the thermal conductivityof high-quality single crystals of YNB,C and HoNjB,C. In
both compoundsx in the normal state at low temperatures is dominated by electrons. I5BYGli x shows a
pronounced enhancement arduh K well below the superconducting transition temperaflife- 15.6 K. It
may be due to the increase of the phonon contribution bdlpwas a result of the decrease of the number of
normal electrons as scattering centers of phonons. This enhancement is suppressed largely by applying the
magnetic field ofH;; because phonons are scattered by vortices. In jRYSI, « shows a discontinuous
increase at the Ne temperaturdy=4.6 K and a clear decrease beldw~ 3.6 K.[S0163-1826)03130-X]

Since the recent discovery of the superconductivity inpresent experiments are single crystals grown by the
RNi,B,C (R=Y, Ho, etc) (Refs. 1,3, extensive studies have floating-zone method which is described elsewHefhe
been performed in the related compounds which have relasamples were in the form of a parallelepiped with dimen-
tively high superconducting transition temperatilite Their  sions 0.%0.7X4~7 mnt. The thermal conductivity was
crystal structure is of the layered type and they have attractesheasured by the usual steady-state method. The temperature
much attention in relation to highz cuprates. However, the gradient of both ends of the samples in the zero magnetic
band calculation indicates that the electronic structure isield at high temperatures and under the magnetic field was
three dimensional and many experimental results suggesteasured by the AuFe-Chromel thermocouple and two Cer-
that these materials are the conventional phonon mediatatbx thermometers, respectively. The electrical resistipity
s-wave superconductd” However, these materials also ex- was measured by the usual four-probe method. The error bar
hibit unexpected behavior from astwave superconductor. of the absolute value of andp is about 10—-15 % and 20—
For example, in YNiB,C and LuNjB,C, the coherent peak 30 %, respectively, depending on the sample size. The re-
in the NMR relaxation rate belov, has not been observed sidual resistivity of YN}B,C samples 1 and 2 and Hojf8i,C
(Ref. 5 and the specific heat showsT? behavior in a wide are ~2.0, 4.1, and 3.Ju{) cm, respectively. The de Haas—
range of temperature beloW..>’ Further studies are neces- van Alphen effect was observed in the samples of BM\C
sary to clarify the mechanism of the superconductivity in thesample 1 cut from the same ing8tThe magnetostriction
present system. The thermal conductivitys very useful to was measured by the three terminal capacitance méthod.
investigate the nature of the superconducting state and hda%e specific heat was measured by the usual adiabatic heat
been studied extensively on heavy Fermion superconductopulse method for the same HoBiL,C crystals as those used
and highT . cuprates in recent years. In high-cuprates, it in the « and p with a weight of 56 mg.
is well known that the pronounced enhancemenk @ ob- Figure 1 shows the temperature dependence of the ther-
served belowT, and the recent results under the magneticmal conductivity« of YNi,B,C sample 1. The inset shows
field indicate that its origin is the huge enhancement of thehe temperature dependence of the reduced Lorenz number
lifetime of quasiparticles belowTl..2 In a conventional L/L, of the same sample which was derived from the ob-
low-T, s-wave superconductor, the phonon contributioto servedk andp. Here,L,=24.5 nW(Q K2 is the Sonmerfeld
increases belowl, due to the decrease of the number ofvalue andL=«p/T. Along thea axis, L/L, is nearly 1 at
normal electrons as scattering centers of phonons and tHew temperatures below-20 K in the normal state. The
electron contribution decreases rapidly beldw. Whether  absolute values ok of YNi,B,C sample 2 af=20 K are
the observed thermal conductivity increases or decreases b&10 and 103 mW/K cm along theeandc axes, respectively.
low T, depends on which contribution of phonons and elec-The difference of the absolute value &t low temperatures
trons is dominant. between samples 1 and 2 by a factor of two is almost the

The thermal conductivity oRNi,B,C has not yet been same as that of the residual resistivities between these
reported. In order to get information on the electron-phonorsamples. These results indicate that in the normal state at low
interaction and the low-energy excitation in the supercontemperaturesy is limited by the impurity scattering, i.e., the
ducting state in the present system, the thermal conductivielastic scattering of electrons by impurities is dominant and
ties of high-quality single crystals of YBB,C samples 1 and heat current is carried mainly by electrons. Rough estimation
2 and HoNjB,C were measured. All the samples used in theof the electronic thermal conductivity, at low temperature
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320 ——————————— YNi,B,C sample 2 does not show a peak as is seen in sample
sgol YNiB:C #1 woxis ] 1 which may be d.ue to a large residual resistivity in this
I it i sample. With the increase of temperatutél, once be-
240} /;,,.-mm“ 4 comes smaller than 1, again increases and becomes larger
_ I /7 e than 1 above-50 K. The fact that./Ly>1 at high tempera-
e c-axis ] tures above~50 K indicates an increase of the phonon con-
§ 160 . . tribution to . The fact thatL/Ly<1 in the intermediate-
E [ a-axis T temperature region indicates the existence of the inelastic
z 120_ — ] scattering for electrons. While the effect of the scattering of

. electrons by long-wavelength acoustic phonong ssmall,
+ o ] the therm_a! cond_uctivity is largely affected throu_gh the ver-
T(K) ] tical transition. Different fromk parallel to thea axis, in the
L1 case parallel to the axis, L/L is smaller than 1 in a wide
60 80 100 range of temperature. This situation is common to all the
T(K) samples studied here, which reflects the anisotropic behavior
of k as mentioned above. Further studies are necessary to
FIG. 1. Temperature dependence of the thermal conductivitunderstand this anisotropy.

with heat currend parallel to thea andc axes of YNyB,C, sample Figure 2 shows the temperature dependence pérallel

1. The inset shows the temperature dependence of the reduced L@y thea axis in the zero magnetic field and under the longi-

renz numbet./L, of sample 1. See the text in detail. tudinal magnetic field of 4 kOe. The thermal conductivity in
the zero magnetic field shows the characteristic behavior,

by using the results of the electronic specific h@R&f. 6 i.e., an anomaly af; and a pronounced maximum a4 K

and the electrical resistivity is consistent with the observeds mentioned above. On the other hand, the thermal conduc-
result. x shows a small but clear decreasélag+15.6 K and  tivity under the magnetic field of 4 kOe shows a rapid de-
a pronounced enhancement arduhK which is clearly seen crease belowl . (H=4 kOe, which is common to conven-
in an expanded scale in Fig. 2. This characteristic behavior ifonal superconductors in which heat current is carried
observed also in sample 2 with twice larger residual resistiviainly by electrons. FigureS8® and 3b) show the longitu-
ity. At high temperatures above40 K, « shows the aniso- dinal magnetic-field dependence of the thermal conductivity
tropic behavior, i.e.x with heat current) parallel to thea  parallel to thea axis of YNi,B,C sample 1. Thex value is
axis is larger than that parallel to tleeaxis. This anisotropic largely suppressed by applying a small magnetic field corre-
behavior ofk at high temperatures is common to YR,C  sponding toH.; and, with further increase of the magnetic
samples 1 and 2 and Hoj®i,C, while their electrical resis- field, it is restored to the normal-state value abblg. The
tivities are almost isotropicx parallel to thec axis of hysteresis is observed beloW,,;, which is shown in the
result atT=4.3 K. The similar results are observed alsocin
parallel to thea axis under the transverse magnetic field

20— —————7— parallel to thec axis. The rapid suppression of the thermal
240k YNLB.C #1 - conductivity atH>H ingicates that h_eat current is sup-
252 ) pressed largely by the existence of vortices. The inset in Fig.
2208 Uifasis il 2 shows the temperature dependence of the difference of the
200} I.-"-' ”I“(H:()) . thermal conductivities normalized ai,(H) between under
180} Faun . H=0 andH=4 kOe. This indicates that the contribution
1ok L TdH=HO9 ] from carriers of heat current except electronsctincreases
E ’ below T, in the zero magnetic field because in this tempera-
i 140 ] ture region electrons are dominated by the elastic scattering
% 120 . as mentioned above. Considering that this enhancement of
< 100} 1A below T, is suppressed by introducing vortices and the tem-
ok i perature dependence gfunderH=4 kOe is similar to that
) of the convensional superconductor whose heat current is
60 ] carried mainly by electrons, it is natural to ascribe the origin
40 . of the enhancement of below T, in the zero magnetic field
20k 10 | to the increase of the phonon contribution. We simply as-
0 sume that the total thermal conductivity is expressed as the
0 20 sum of the phonon and electron -contributions, i.e.,
T(K) Kiot= Kpht ke . The temperature dependence of the difference

of the temperature dependence ofmormalized atT.(H)
FIG. 2. Temperature dependence of the thermal conductiviP€tween undeH =0 and 4 kOe shown in the inset in Fig. 2
with heat currentl parallel to thea andc axes of YNjB,C sample  originates froms,. « underH=4 kOe mainly originates
1 under the longitudinal magnetic field. The inset shows the temfrom «.. In the zero magnetic field, the phonon mean free
perature dependence of the difference of the temperature depepath becomes large beloW, due to the decrease of the
dence of the thermal conductivitieg, normalized atT,(H) be-  number of normal electrons which act as scattering centers of
tween undeH =0 andH=4 kOe. phonons abovd .. This increase of the phonon mean free
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observed, which suggests the possible existence of low-

FIG. 3. Magnetic-field dependence of the thermal conductivityenergy excitations in the superconducting state. The tem-
with heat current] parallel to thea axis of YNi,B,C sample 1  perature dependence efunder the magnetic field of 4 kOe
under the longitudinal magnetic fie{d) in a temperature region up shows~ T2 behavior in a wide temperature region bel®w.
to 18 K and(b) in a low-temperature region below 4.3 K¢; and At present, it is difficult to separate the electron contribution
He, are the lower and upper critical field. Ins@) shows a sche- . from «,, in the superconducting state. Further studies are
matic picture Ofxior, Kpn, and«e. See the text in detail. Ins€?)  necessary to understand the magnetic field and temperature
shqws_ the Ion_gltudlnal magnetostriction along thexis in a mag- dependence of below T,.
netic field region aroundic,. The magnetization curve shows the peak effect just below

H., (Ref. 13 which are also observed in U5 and

path causes the additional contribution#p below T, and  CeRy (Ref. 14 and has attracted much attention in relation
this suggests the existence of a large electron-phonon cote the possible existence of the Fulde-Ferrell-Larkin-
pling in this material. It is noted that such an enhancement o©vchinnikov state. Inset2) of Fig. 3(b) shows the longitu-
x belowT. is not observed in Ba ,K,BiO; with a relatively  dinal magnetostriction under the magnetic field parallel to
high T, which is considered as the phonon-mediated strongthe ¢ axis. This shows the pronounced anomaly in the same
coupling superconductdf. magnetic-field region as the peak effect in the magnetization

Next, we discuss the magnetic-field dependence dthe  curve is observed, as is observed in W& and CeRy
phonon thermal conductivity,, enhanced below . in the  (Ref. 14. On the other hand, an anomalous behavior is not
zero magnetic field is largely suppressed by vortices introobserved ink parallel to thea axis under both longitudinal
duced atH>H_; because the phonon mean free path deand transverse magnetic field within our experimental error.
creases as a result that phonons are scattered by vortices. InFigures 4a), 4(b), and 4c) show the temperature depen-
turn, the electron contribution becomes important with fur-dence of the thermal conductivity, electrical resistivity, and
ther increase of magnetic field. The schematic picture of thepecific heat of HONB,C, respectively. The magnetic prop-
magnetic-field dependence af;, and . together withx,,,  erties of this compound were reported in Ref. 15. With the
below T, is shown in insetl) of Fig. 3b). At low tempera- decrease of temperature, the electrical resistivity becomes
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nearly zero at the higher superconducting transition temperait present, we do not know whether the heat current is domi-
ture TP~ 6.6 K and after recovering to the normal state valuenated by phonons or electrons in the superconducting state in
at ~5.3 K, it becomes zero at the lower superconductinghis compound. In order to clarify it, further studies are nec-

transition temperatur€.~3.6 K. A small but clear decrease

of p is observed at 4.6 K. The specific heat shows a small

peak atT ,=5.3 K and a large and sharp peaKlgt=4.6 K

essary at lower temperatures and under the magnetic field.
In conclusion, we have studied the thermal conductixity
of high-quality YNi,B,C and HoNjB,C single crystals. The

which correspond to the incommensurate and commensurajgsyits of YNB,C show the followings. The heat current is

antiferromagnetic ordering temperatu(Ref. 15, respec-

mainly carried by electrons at low temperatures in the nor-

tively. The large short-range order effect is observed. Thesg,, state and in the superconducting state, is mainly carried

results are similar to the reported on@®efs. 16 and 17
apart from slightly lower transition temperatures in the
present sampl® At high temperatures, the anisotropic be-
havior of k is observed as in YNB,C and the temperature
dependence ot/L, is also similar to those of YNB,C.
However, low-temperature behavior &f is different. At
higher superconducting transition temperatﬂ'@: 6.6 K,
we could not observe an anomaly in A small but clear
increase is observed iat Ty . This increase ok originates
from the decrease gf accompanying with the decrease of

by phonons which may be due to the increase of the phonon
mean free path as a result of the decrease of the number of
normal electrons below.. However, this phonon contribu-
tion is easily suppressed by introducing vorticedHatH .,

and the electron contribution becomes dominant abidye

The thermal conductivity of HONB,C shows a clear in-
crease just below the & temperature 4.6 K and a clear
decrease below . ~3.6 K178
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