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The thermal conductivitk of Bi,Sr,CaCyOg. 5is measured in pure and Zn-doped crystals as a function of
temperature and magnetic field. The in-plane resistivity is also measured on the identical samples. Using these
data, we make a crude estimate of the impurity-scatteringliaté the pure and the Zn-doped crystals. Our
measurement show that the “plateau” in th€H) profile is not observed in the majority of our Bi-2212
crystals, including one of the cleanest crystals available to date. The estimated valudsrdahe pure and
Zn-doped samples allow us to compare thigd) data with the existing theories of the quasiparticle heat
transport ind-wave superconductors under magnetic field. Our analysis indicates that a proper inclusion of the
quasiparticle-vortex scattering, which is expected to play the key role in the peculiar behavio@fthds
important for a quantitative understanding of the quasiparticle heat transport in the presence of the vortices.

Thermal conductivityx of a superconductor is one of the tion in the gap symmetry is not likely to be taking place, the
few probes which allow us to investigate the quasiparticleplateau in the<(H) profile and the sensitiveness ofon the
(QP) density and its scattering rate in the superconductingnagnetic-field history are still to be understood. One inter-
(SO state. It is now believed that the SC state of the high- esting information one can draw from these experiments is
cuprates is primaril}dxz,yz,1 where it has been found that that phonons arenot scattered by vortices in cuprate
the magnetic field induces extended QP’s whose populatioauperconductor$>*?
increases as/H.>® Also, the QP scattering rate in the cu-  Motivated by these experiments, there appeared several
prates has been found to drop very rapidly belaw* which  theories that try to capture the essential physics of the QP
causes a pronounced peak in the temperature dependencehegt transport in thel-wave superconducting state. It has
«.% In 1997, Krishanaet al. reported an intriguing result become rather clear that a proper inclusion of the QP-vortex
from their measurement on the magnetic-field dependence étattering rate is necessary for explaining the observed
x in Bi,SL,CaCuyOg., 5 (Bi-2212) at temperatures below 20 magnetic-field dependence; however, there has been no con
K.® They observed, in the profile af(H), a sharp break ata Sensus yet as thow the QP-vortex scattering is taken into
“ transition field” H, and a subsequent plateau region whereaccount. To improve our understanding of the QP heat trans-
« does not change with magnetic field. Krishastaal. pro- ~ Port under magnetic field, quantitative examinations of vari-
posed an interpretation thel, marks a phase transition from ous theories in the light of actual data are indispensable. For
the dy2_,2 state to a fully gappedz_2+id,, (or dye_y2 ~ Bi-2212, however, previously published data from various
+is) state and thus in the plateau region there are little thergroups do not provide enough information; for example, the
mally excited QPs which contribute to the heat transportimpurity scattering rate, which is the most important param-
This interpretation appears to be fundamentally related to theter that controls the thermal conductivity behavior, are not
high-T. mechanism and therefore attracted much attentiolknown for clean Bi-2212 crystal§Rather surprisingly, no
both from theorists™* and from experimentalistS~*® electrical resistivity data have been supplied for samples

An independent test of this unusual behaviorxfhas which were used in recent studies af(H) profile of
been reported by Aubiat al;*® although the plateaulike fea- Bi-221251516:1§
ture was essentially reproduced in their measurement, when In this paper, we present results of our measurements of
the data were taken with field sweep up and down, Aubine(T) and «(H) of well-characterized Bi-2212 crystals, to-
et al. observed a rather large jump inupon field reversal gether with their in-plane resistivityp(,) data. To look for
and consequently the(H) profile had a pronounced hyster- the effect of changing impurity-scattering rate, we measured
esis. The fact that the value in the “plateau” depends on both pure and 0.6%-Zn-doped crystals. The crystals used
the history of the applied magnetic field casts a serious doulitere are single domaindwithout any mosaic structure nor
on the Krishanaet al's interpretation. Moreover, Aubin grain boundariesand have very good morphology, which
et al. reported that aincreasein « with magnetic field was were confirmed by x-ray analyses and the polarized-light op-
observed at subkelvin temperatures, which strongly suggest&al microscope analysis. In the data presented here, neither
the presence of a finite density of QP’s at low temperaturethe pure sample nor the Zn-doped sample show any plateaus
and thus is incompatible with the fully gapped stitel- in the x(H) profile in the temperature and the magnetic-field
though these newer results suggest that a novel phase trangggime where the plateaus have been reported. In fact, we
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have found that the plateau in tlk€H) profile is not a very 350 e
reproducible featuréwe have thus far observed the plateau- E Bi-2212 Single Crystals

like feature in only two samples out of more than 30 samples 300 a

measurefland we have not yet conclusively sorted out what 250:_

determines the occurrence of the platéawe therefore de- r

cided to show only the data that are representative of the 200:_ 0.6% Zn-doped

majority of the samples. Using all the datamf,(T), «(T),

and«(H), we try to estimate the electronic thermal conduc-
tivity ko(T) and make a rough estimate of the impurity scat- C
tering ratel” for the pure and Zn-doped samples. Our data 100
offer a starting point for the quantitative understanding of the '

150 F

p,, (mQcm)

50F

QP heat transport in thdewave superconductors in the mag- . (a)
netic fields, where an interplay between the QP-vortex scat- ol
tering and the QP-impurity scattering apparently plays an 0 50 100 150 200 250 300
important role. T (K)

The single crystals of Bi-2212 are grown with a floating- P SARA RARE RARE SAALARAR AR RS
zone method and are carefully annealed and quenched to L (b) J
obtain a uniform oxygen contefit.Both the pure and the [ ™ ]
Zn-doped crystalgBi,Sr,Ca(Cy _,Zn,),0g, 5] are tuned to St s Pue 7
the optimum doping by annealing at 750 °C for 48 h, after | g ]
which the transition width of about 1.5 Kneasured by the E 4r s
dc magnetic susceptibility measuremenis achieved; this § [ ," 6% Zn-doped ]
indicates a high homogeneity of these crystals. The Zn- < 3 '_'/ p ]
doped crystal contains (60.1)% of Zn (namely z L ]
=0.006+0.001), which was determined by the inductively o [38 ]
coupled plasma spectrometry. The zero-resistancg are §° _ ' 1
92.4 K for the pure crystal and 84.5 K for the Zn-doped $ Bi-2212 Single Crystals
crystal. We first measure the temperature dependenpg,of 1 4 T ]

0

using a standard four-probe technique, and then measure the ' '2'0' T30 60 80 100 120 icltol
thermal conductivityx of the same sample. The temperature T (K)
dependence ok from 1.6 to 160 K are measured in zero
field using calibrated AuFe-Chromel thermocouples. The FIG. 1. T dependence ofa pa, and (b) « of pure and
precise magnetic-field dependencerofs measured with a 0.6%-_Zn-doped Bi-2212 crystals in zero field. The thin solid lines
steady-state technique using a small home-made thin-filrire T-linear fits to thep,,(T) data.
heater and microchip Cernox thermometers. The bottom end
of the sample is anchored to a copper block whose temperde noted that a sophisticated technique to make the current
ture is carefully controlled within 0.01% stability and accu- contacts uniformly on the side faces of the crystals are cru-
racy. Since we need to measure the change with a very  cial for reliably measuring,,, of Bi-based cuprates.
high accuracy, the small magnetic-field dependence of the Figure 1b) shows the temperature dependence of the
thermometers were carefully calibrated beforehand using avo samples in zero field. The size of the peak () of the
SrTiO; capacitance sensor and a high-resolution capacitangeure crystal is very large for Bi-221@he enhancement from
bridge. As a check for the measurement system and the calihe minimum neaff to the peak is 16% This implies that
brations, we first measured the thermal conductivity of nylonthe pure crystal reported here is one of the cleanest Bi-2212
and confirmed that the reading is indeed magnetic-field indeerystals available to date. The Zn-doped sample shows not
pendent within 0.1% accuracy. only a smaller magnitude of but also a significantly sup-
Figure 1a shows thep,,(T) data of the pure and Zn- pressed peak im(T) below T; this is caused by a larger
doped samples. If we define the residual resistipifypy the  impurity scattering ratéwhich limits the enhancement of the
extrapolation of theT-linear resistivity to 0 K, we obtain QP mean free length beloW,) and is consistent with the
slightly negativep, for the pure sample; this is always the Zn-doping effect in YBaCusO;_ 5 (YBCO).?223
case for the cleanest Bi-2212 crystals grown in our labora- Figure 2 shows<(H) profiles of the two samples at 7.5
tory. As is expected, the Zn-doped sample gives laggger and 12.5 K. The data are normalized by the zero-field value
which is about 1Quf) cm. We note that the uncertainty in of «. Neither of these samples show any plateaulike feature
the absolute magnitude @f,, and « in our measurements below 6 T.[The «x(H) data of the Zn-doped sample is almost
are less thant 5% in this work. This is achieved by deter- flat within our sensitivity, but we do not call it a platedu.
mining the sample thickness, which is usually the mainNote that Ref. 6 reported the plateaus to be observed above
source of the uncertainty, by measuring the weight of thed.9 T at 7.5 K and above 2.6 T at 12.5 K, which are well
sample with 0.1ug resolution. We used relatively long within the range of our experiment. The data in Fig. 2 were
samples hergthe length of the pure and the Zn-dopedtaken in the field-cooledFC) procedure, in which the
samples were 4.5 and 6.5 mm, respectiyealyith which the  sample is cooled in the presence of a magnetic field, and
errors in estimating the voltage contact separation and ththerefore the magnetic induction in the sample remains ho-
thermocouples separation are less thah%. It should also mogeneous. The FC data are expected to give information
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SRR for our pure Bi-2212 at 7.5 K. This is an indication that the

(2 23 -
1._ *-*""'*'*'*“"'*‘*"""E QP transport is dirtier in Bi-2212 compared to YBCO; we
099 %g:/;énmmed : will elaborate on thesp(T) values later. The magnetic field
5 ossk ] dependence ok of the Zn-doped sample is too small to
g g ] make a reliable fit to Eq(1), but one can infer that the ratio
% 097 | ] of the phononic contribution in the Zn-doped sample is even
w : Pure * larger than in the pure sample.
0se x(0)=2.70WiKm In the normal state, the electronic thermal conductiity
095 [ (a) 75K ] and the electrical conductivity are related byke/T=Lo,
: ) ] wherelL is called the Lorenz number. In simple metdlsis
I T e — usually constant at high temperaturé&/iedemann-Franz
H(T) law) and the free-electron model gived (=2.44
T T x 10”8 W /K2, When the electron-electron correlation be-
B e s ST SR comes strong.,. becomes smaller than the free electron value
0.99 0.6% Zn-doped ] Lo; for YBCO, L has been estimated to be around 1.0
K(0)=2.25 W/Km ] X108 W Q/K? nearT,.??? Using this value ol and the
S %t ] pap data of our crystals, we can roughly estimatgand «
= ool ] aboveT.. Such estimation for the pure sample givesand
= Pure kpn Values of about 1.6 and 3.6 W/K m, respectively, at 120
0.96 | (0)=3.11 W/Km K. (120 K is the lower bound for the temperature range
ossh ] where the effect of the superconducting fluctuationg gis
r (b) 125K ] negligible) It has already been established tkgt does not
004 b change much just beloW, and that it is mostlyx, that
°o 1 e H3(T) 4 5 8 causes the peak’® We can therefore infeffrom the «,

value at 120 K and the total at the peakthat «, at the peak
FIG. 2. Normalizedx(H) profiles of the pure and Zn-doped IS @bout 1.7 times Iarger than in the normal state. In the same

samples ata) 7.5 K and(b) 12.5 K. The solid lines are the fits to Manner, we can estimate for the Zn-doped sampleand

Eq. (1) with: (@ kpp=2.60 W/Km, k,=0.10 W/Km, andp Kph to be about 1.0 and 2.9 W/Km at 120 K, respectively,

=0.88 for the 7.5 K data, andb) xpn=2.91 W/Km, «, and the enhancement a&f, at the peak is inferred to be a

=0.20 W/Km, andp=0.53 for the 12.5 K data. factor of 1.2. This analysis indicates that the effect of

0.6%-Zn doping is weaker fok,, (which is decreased by

which is free from complications due to vortex pinning, 19% at 120 K upon the 0.6%-Zn dopintdpan for x, (which

while the zero-field-coole@FC) data(for which the sample is decreased by 38% at 120.K

is cooled in zero field and the magnetic field is swept at a Comparison of the inferred behaviorsf below T, with

constant temperatur@re subject to such complications. We the theoretical calculations of Ref. 22 gives us the idea of the

emphasize that the FC data should be examined to look fanagnitude of the impurity-scattering rakein our samples.

the intrinsic effect of vortices on the QP transport. All the As is discussed aboves, can be inferred to be about 1.7

previously published data on the plattdtt®!are, how- times enhanced at the peak; comparison of this enhancement

ever, ZFC dat&? factor with the calculations for variou/T, value$? sug-
It has been proposed that the magnetic-field dependenagests thal' /T, of our pure sample is about 0.05. The posi-
of k of the highT; cuprates are described by tion of the peak(at T/T,~0.7) is also consistent with the
theoretical calculation faoF /T.~0.05. Similarly, the inferred
ke(T) enhancement factor of,(T) of the Zn-doped sample sug-
k(H,T)= 1+p(MIH| +xpn(T), (1) gestsl'/T, to be about 0.2. Although these estimates are very

crude, the estimated values Bf T of our Bi-2212 samples
where k is the electronic part ok in zero field andkp, is  imply that the scattering rate increases ByT.~0.25 per
the phonon paf® Equation (1) was proposed first by Yu 1% of Zn, which is of the same order of magnitude as that
et al?” and later by Ong and co-worket$®?5This expres-  for YBCO.22% The estimated’/T, of our pure Bi-2212 is
sion utilizes the finding that the phonon thermal conductivitystill notably larger than that for pure YBCO, for whidh' T
of the cuprates is independent of the magnetic field. Thénas been estimated to be0.0122%° This is essentially a
parametep(T) is proportional to the zero-field value of the reflection of the fact that the peak im(T) of Bi-2212 is
QP mean free path. We found that tk¢H) data of our much smaller compared to that of YBCO, and is probably
clean samples are reasonably well described by(BgThe caused by the intrinsic disorder of the crystalline lattice of
solid lines in Figs. 2a) and Zb) are fits of the data to Eql). Bi-2212 (the modulation structure along tieaxis).
The fitting parameters suggest that the phononic contribution The above-mentioned difference /T, between our
to « is as large as 96% and 93% at 7.5 and 12.5 K, respe@ure Bi-2212 {'/T.~0.05) and pure YBCOI{/T.~0.01)
tively; this is essentially a reflection of the fact that theindicates that the QP mean free path in zero figld,is
changes ink with the magnetic field are very small at these roughly five times longer in pure YBCO compared to that in
temperatures. Onget al. reported® that p(T) is about pure Bi-2212. This observation yields useful information on
2.3 T ! for underdoped YBCO at 7.5 K, while itis 0.88° ¥  the QP scattering cross section of the vorticeg, in Bi-
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2212. It was discussed in Refs. 19 and 25 that parametgquorted for Bi-2212%2) When we turn to our data, the values
p(T) appearing in Eq.(1) can be expressed ag(T) of Ak actually measured in our experiments are much
=ly0y / ¢o. (Note thatoy, is the scattering cross section in smaller; at 7.5 KAx up to 6 T is0.086 and 0.008 W/Km
two dimensions.As is already discussed, tT) value at  for the pure and the Zn-doped samples, respectively. Clearly,
7.5 K is 0.88 T * for our pure Bi-2212, while it is 2.3 T*  the theory overestimatesx and the overestimation is par-
for YBCO; given the indication tha, is roughly five times ~ ficularly large for the Zn-doped sample. This comparison
longer in YBCO, the ratio of they(T) values of the two implies that the rather simple treatment of the separable QP-
systems suggests thay, should be approximately a factor of IMPUrity scattering and the QP-vortex scattering is not accu-
2 larger in Bi-2212. Sincer, has been estimated to be 9 nm [)itgoemneosugg}ngzrr:%lljéa{cl)ytr\vehsgrfgf sl?aq'tjer:mgsrcstgermg L
for YBCO,™ we obtaino,~18 nm for Bi-2212. The origin '

f i iernce n, Between e o syiems migh be  VEK!1% 200 HOUOHos (e 14 have ecenty pro
;ﬂgtiﬂggléhsedgfifg}git'gft?ftjrtéugttﬂg?egf Itseax?/rtce;sgn?h ween the vortex-lattice scattering and the impurity scatter-

. . . ﬁg. Unfortunately, numerical calculations for the magnetic-
eeltst;rréatKe Ofcry,~ 18 nm giveslo~0.1 um for pure Bi-2212 field dependence of« at intermediate temperatures are

. . available only for a very clean casE/T,=0.006)*and we
derl:lcoewofletinuzodnl'z%ﬁi?)r:hvsitﬁt:ﬁgr\éigmmaﬁg dnsgfdzgllgr?epenéannot make a direct comparison to our data. Qualitatively,
K u . c however, the theory predicts that a steep drop(iH) at low
for each S?mp'e- Koert and HirschfeldKH) calculated the fields is expected only whei is larger thanl’. The esti-
gggn;?iﬂ;ggiﬂ%”&?\fgrt%% tggggc;mreg,em%rnt;h;et?vz; matedl'/ T values of our samples suggest that the condition
PP . i 9 T>T is satisfied in the pure sample, but is not satisfied in the
the KH theory and experlme-nts have be.e” reportgd for Ve%.6%-Zn-doped sample in the temperature range of Fig. 2.
low temperatures, where an increasecafith magnetic field In summary, the temperature and magnetic-field depen-
has been observé@?**2The numerical calculation by KH ’

: : : . dences of the thermal conductivity are measured in pure
show thatx(H) is already an increasing function ef at T ) - .
—0.2T, for a dirty case,[/T.=0.1; this is clearly in dis- and Zn-doped Bi-2212 crystals that are well characterized.

agreement with our data and indicates the necessity of a-ﬁhe pap(T) data taken on the identical samples are used for

inclusion of the QP-vortex scattering into the calculation. ?ﬁgig%‘geig?uie;ggm;t?gt:zi:eﬁgg%uialﬁnibove;ﬁ'
The theory proposed by Frafiztries to incorporate the P 9 P y

effect of QP-vortex scattering; heuristically, Franz supposetﬁeerCt the difference in the impurity-scattering rétdn the

that the QP-impurity scattering and the QP-vortex scatterin r?/s(t_alsl. I(;.'S found tfh?r;[ n ;che matjorltytofl our B_:-2b2|12t c)rjy St
are separable and additive. In this theory, the zero-field sca ais (inciuding oneé of the cleanest crystals avaiiable to pate

: e - - ; he “plateau” in the x(H) profile is not observed and the
tering rateo (which is a sum of the impurity scattering rate . .
and the inelastic scattering raie directly related to the total E(H()lpmfr']l? ﬁround 10. K l?re reasong?ly vaeBIIC(éessvrlbed t.by
change ink with the magnetic fieldA «, which is expressed g. (1), which was originally proposed for - Ve est-

_ mate " of our crystals by comparing the behaviors «f
=(2. - < ) . . .
iS(Z.Al’;I'/((ri)gizggr Ulo)g‘?;.). Irl:otrhegeo ex-:;’resiri](?nsf}seh’; below T, with the calculation by Hirschfeld and Putikka.

universal thermal conductivi?®*Assuming that the inelas- ' N€ Iestlmﬁated vztilues oF f‘;L 'i;edpltJre ,‘;??h Zn".j(;!oed
tic scattering is negligibledy~T") at 7.5 K, we can estimate sr?mp' €s af ?%N usPohcot[n{)are etd) ata wi € e(>j<|s Itng
Ak for the pure and Zn-doped samples using these equé— eories of the QP heat transportdrwave superconductors

tions. The results ard k~0.4 W/Km for the pure sample under magnetic field.
andA k~0.1 W/K m for the 0.6%-Zn-doped samplén the We thank H. Aubin, K. Behnia, M. Franz, T. Hanaguri, A.
calculation, we usedky/T=0.015 W/KXm which is re- Maeda, Y. Matsuda, and N. P. Ong for fruitful discussions.
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