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The systematics of the superconducting-state enhancements of in-plane thermal conductivity for
YBa2Cu3O61x ~Y-123!, Bi 2Sr2CaCu2O8 , Tl 2Ba2CuO6 , and La22xSrxCuO4 single crystals are examined.
For Y-123 the enhancements are shown to correlate with specific-heat jumps, a measure of the superconducting
pair density. The substantially larger enhancements observed for Y-123 are attributed to the condensate arising
from oxygen-filled CuO chains. We discuss the constraints imposed by measurements of microwave conduc-
tivity on the electronic contribution to this phenomenon.

Considerable attention has been focused recently on the
in-plane thermal conductivity (kab) of cuprate
superconductors.1 In the superconducting state (T,Tc),
kab rises above its normal-state value and reaches a material-
dependent maximum atTmax with 0.4<T max/Tc<0.8. Both
phononic and electronic mechanisms have been proposed to
explain this enhancement but there is currently no consensus
regarding its origin.2–8 A phononic explanation may be
viewed as ‘‘conventional’’ in that for disordered supercon-
ductors such as Pb0.9Bi 0.1,

9 NbC,10 and Zr70Cu30,
11 a simi-

lar peak occurs, attributed to a reduction in phonon-carrier
scattering as the charge carriers condense in the supercon-
ducting state. An electronic mechanism entails a dramatic
enhancement in the quasiparticle lifetime,tqp , in the super-
conducting state, so as to overcome a decreasing number of
quasiparticle excitations. In support of an electronic scenario
are the microwave conductivity derived from the measured
surface resistance,12 which implies such an enhancement in
tqp , and theoretical models for the cuprates wherein scatter-
ing by spin fluctuations andd-wave pairing are central
ingredients.3,5,13

Though many measurements ofkab for single-crystal
specimens have been reported, a comparative survey of the
enhancement systematics for different materials, and particu-
larly its dependence on charge-carrier doping, has not been
presented. In this paper we examine the available data for
four compounds: YBa2Cu3O61x ~Y-123!, Bi 2Sr2CaCu2O8
~Bi-2212!, Tl 2Ba2CuO6 ~Tl-2201!, and La22xSrxCuO4
~LSCO!. For Y-123, where sufficient data are available, we
demonstrate that the magnitude of the enhancement is pro-
portional to the superconducting pair density,ns . The impli-
cations of this finding for interpretations of the enhancement
are discussed.

Since the enhancement arises from a reduction in scat-
tering, we describe it by the normalized change in the in-
plane thermal resistivity atTmax, dW/W[@Wab

n (Tmax)
2Wab

s (Tmax)]/Wab
n (Tmax)512kab

n (Tmax)/kab
s (Tmax), where

kab
n (Tmax) and kab

s (Tmax) are the normal- and
superconducting-state thermal conductivities, respectively,
and theWab represent corresponding thermal resistivities.
kab
n (T max) is estimated by extrapolating the normal-state

data toTmax. In most cases~such as for optimally doped

Y-123 and Tl-2201! kab is a weak function of temperature
for T.Tc , and thuskab

n (Tmax).kab(Tc). For Bi-2212 and
underdoped Y-123 the normal-stateT dependence is more
marked, and the use ofkab

n (Tmax) rather thankab(Tc) in
definingdW/W more aptly reflects the enhancement due to
superconductivity alone.dW/W is independent of geometric
uncertainties~typically 10–20 %! that are inherent in all
measurements of small crystals.

Figure 1 shows dW/W plotted versusTmax/Tc for
single crystals of the four compounds Y-123,8,14–25

Bi-2212,7,22,26–29Tl-2201,30 and LSCO.31,32This figure high-
lights two aspects of the enhancement systematics:~1!
dW/W;0.120.2 represents a lower bound for all of these
materials, and~2! Y-123 is uniquein that its dW/W values
vary widely and can substantially exceed 0.2, with larger
enhancements occurring at lower temperatures. It is immedi-
ately clear from this figure thatdW/W does notcorrelate
universally with the hole concentration in the CuO2 planes
(p) since all of the specimens represented, with the excep-
tion of two LSCO samples, were near optimal doping
(0.13<p<0.19).

FIG. 1. dW/W vs Tmax/Tc for cuprate crystals.
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The data of Henninget al.24 confirm that the large varia-
tions indW/W for Y-123 are principally due to differences in
oxygen content. Their as-grown Y-123 crystal, with
dW/W50.08, was subsequently annealed in oxygen at high
pressure and remeasured, yieldingdW/W50.46. Though
oxygen content was not specified, for both oxygenation
statesTc>92 K, indicating 0.8<x<1.0 ~i.e., within the ‘‘90
K plateau’’!. Values ofdW/W larger than 0.2 for Y-123 are
thus associated with the filling of oxygen vacancies on the
CuO chains.

The oxygen-doping dependence of the enhancement in
Y-123 is shown in Fig. 2 where we plotdW/W vs x for that
subset of Fig. 1 measurements for which values ofx were
reported. Also included in this figure are data~dotted square!
from Ref. 15 with oxygen content estimated from the
Tc(x) phase curve

33,34using the suppressedTc value~88 K!.
The largest uncertainties in this plot are for the oxygen con-
tent. In some cases18–20 these values were determined from
the thermopower,34,35 magnetization,36 and/or lattice
parameters37measured on the same crystals, but in others the
method was unspecified. Uncertainties inx and oxygen ho-
mogeneity may account for the scatter in the data.

It is now well established from measurements of the spe-
cific heat38 and penetration depth39,40 that fully oxygenated
chains in Y-123 are superconducting and contribute substan-
tially to the condensate density (ns). It is remarkable that
dW/W follows closely the normalized electronic specific
heat jump,dg(Tc)/gn}ns /n, from Loramet al.38 ~solid line
in Fig. 2!. The most dramatic feature indg(Tc)/gn is its
increase by nearly an order of magnitude within the 90 K
plateau,38,41 indicating a corresponding enhancement in pair
density, arising principally from the chains. A second feature,

the local maximum, corresponds to the 60 K plateau, where
the chains are alternately full and empty. These data support
a model in which superconductivity extends to oxygen-filled
chains via the proximity effect, and is suppressed by pair
breaking on disordered chains due to vacancy-induced local
moments.39,42Both the 90 K and 60 K features are evident in
dW/W, though further measurements for heavily under-
doped crystals are needed to convincingly establish the sec-
ond feature. The same qualitative behavior ofdW/W with x
has been confirmed in systematic measurements on indi-
vidual polycrystal Y-123 specimens.43 The available data for
crystals of the other materials are insufficient44 to construct
plots similar to Fig. 2.

To interpret the results of Fig. 2 we must consider both
electronic (ke) and lattice (kL) contributions to the heat
flow, k5ke1kL ~we speak exclusively of the in-plane ther-
mal conductivity, and omit theab subscript without con-
fusion!. Thus, dW/W512(ke

n1kL
n)/(ke

s1kL
s). Qualita-

tively, we can see that the behaviordW/W}ns /n can arise
from either a phononic or electronic mechanism if the en-
hancement in one of these contributions predominates. When
Matthiessen’s rule is obeyed,45 the normal- and
superconducting-state thermal resistivities~at temperature
Tmax) for either electronic or lattice heat flow can be ex-
pressed asWn5A1B and Ws5A(12ns /n)1B, respec-
tively, whereA represents charge-carrier scattering andB all
other scattering. This two-fluid scheme for the superconduct-
ing state yieldsdW/W5@A/(A1B)#(ns /n), in qualitative
agreement with the data, provided the ratioA/(A1B) is a
weak function of doping. More generally, enhancements in
both ke and kL imply a more complex behavior for
dW/W, with higher-order terms inns /n. In addition, the
scattering parameters may be expected to change with dop-
ing. For example,kL for insulating Y-123 is extremely sen-
sitive to small variations in oxygen content.46 Thus, a general
treatment ofdW/W entails model-dependent assumptions.

Constraints on an electronic enhancement can be found by
considering measurements of other electronic properties. Ob-
servations of a peak nearTmax in the microwave conductiv-
ity, s1 ,

12 provide motivation for the proposal47 thatke
s scales

with s1 according to the Wiedemann-Franz relation, and
tend to support an electronic mechanism for the enhance-
ment. If inelastic scattering is rapidly suppressed atT,Tc ,
the quasiparticle transport might be expected to obey,
ke
s(T)5TLss1(T), with the quasiparticle Lorenz number

near its ideal value for elastic scattering,
Ls.L052.4531028WV/K2. Theory48 does not support this
relationship, but experimentally it is approximately followed
for untwinned Y-123 near optimal doping if it is assumed47

that there is no enhancement inkL , i.e.,kL
s5kL

n .
Systematic studies of microwave surface resistance

(Rs),
49 penetration depth~l!,39 and normal-state electrical

conductivity (sn) ~Ref. 50! as functions ofx for Y-123, al-
low for a more stringent test of the scaling ofke

s with s1 .
Taking ke

s5T maxL
ss1 , ke

n5TmaxL
nsn, and assuming

kL
s5kL

n , the doping-dependentelectronicenhancement can
be expressed as

dW

W
~x!512H Lssn~x!T max

kn~x! Fs1~x!

sn~x!
2
Ln

LsG11J 21

, ~1!

FIG. 2. dW/W vsx for Y-123 crystals. The open symbols are for
untwinned specimens from Ref. 20~diamonds! and Ref. 23
~circles!; the larger~smaller! dW/W values for each pair of open
symbols correspond to heat flow along thea axis ~b axis!. The
remaining symbols are for twinned specimens from Ref. 15~dotted
square!, Ref. 16~diamond!, Ref. 18~squares!, Ref. 19~circles!, Ref.
22 ~inverted triangle!, and Ref. 23~triangle!. The solid line is the
normalized electronic specific heat jump for polycrystals, adapted
from Ref. 38.
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where all quantities are to be evaluated atTmax. We assume
initially that Ls andLn are independent ofx. Bonn et al.49

observed a peak inRs atTmax540 K that was independent of
oxygen content (Rs530mV atv/2p53.64 GHz! for four x
values51 of the same crystal. Using these results and
l(x),39 we compute s1(x)5(2/m0

2v2)Rs /l
3(x). sn is

found by linear-T extrapolation of the normal-state
resistivity.50 Systematic measurements ofk(x) on an indi-
vidual crystal for thisx range are not available, so we rely on
the following estimate forkn(x). For the highest oxygen
content (x50.94) we takekn(0.94)512.362.6 W/mK, the
average~and standard deviation for uncertainty! of sixteen
specimens from the literature~Fig. 1! havingTc>90 K and
Tmax<45 K. For subsequent values ofx this kn is reduced
according to the Wiedemann-Franz relation to account
for the decrease in ke

n , i.e., kn(x)5kn(0.94)
2T maxL

n@sn(0.94)2sn(x)#. Results usingLs5Ln5L0 for
all x are shown in Fig. 3~circles!.

The computed and measureddW/W are in reasonable ac-
cord for x>0.9, but the former overestimates the latter by a
factor of 3 nearx50.8. This disagreement is well outside
any uncertainties introduced in our analysis. Allowing en-
hancements inkL increases the discrepancy, as does incor-
porating a decrease inkL

n with decreasingx implied by poly-
crystal studies.43,52 We consider two possible conclusions
from these results that may resolve the apparent discrepancy:

~1! Ln andLs at Tmax differ from L0 and may vary withx,
and ~2! ke does not follows1 and the enhancement inkL
predominates for allx.

The first point to note regarding the Lorenz ratios is that
s1 /s

n.728 for all x, and thusdW/W as computed from
Eq. ~1! is rather insensitive to the value ofLn. Thus,Ls must
decrease below L0 with decreasingx to account for the be-
havior of dW/W(x). For purely elastic scattering and in the
clean limit~appropriate to Y-123!, both strong and weak cou-
pling for a singles-wave gap yieldLs.L0 atTmax.

53 Recent
computations for two-dimensional, dx22y2-wave
superconductors48 indicate 0.5<Ls/L0<1.5 in the clean
limit, with larger ~smaller! values corresponding to unitarity
~Born! impurity scattering. In Fig. 3 we showdW/W com-
puted from~1! usingLn5L0 , L

s5L0/2 ~squares!. This curve
represents a lower bound on an electronic contribution for
thedx22y2-wave case. Better agreement with the doping de-
pendence~but not the magnitude! is possible ifLs(x) is al-
lowed to vary continuously from 1.5 atx50.94 to 0.5 at
x50.80. Within thedx22y2-wave model of Grafet al.such a
variation in Ls implies an impurity scattering strength that
decreases from strong to weak with decreasingx. This would
appear to be inconsistent with thed-wave theory for the
microwave response,13 the predictions of which are incom-
patible with experiment12 in the weak-scattering limit. The
presence of residual inelastic scattering atTmax would not
alter these conclusions.

Alternatively, it is possibile that the peak ins1 has noth-
ing to do with scattering, i.e., does not imply atqp that
grows dramatically belowTc . There is theoretical motiva-
tion for this point of view. Calculations54 of s1 from Eliash-
berg theory with a two-gap model42 yield a peak ins1 inde-
pendent of the form oftqp . Thus the enhancement inke
could be negligible anddW/W predominantly phononic. The
doping dependence in Fig. 2 could then be interpreted con-
ventionally.

In conclusion, we have shown that the superconducting-
state enhancement of the in-plane thermal conductivity for
Y-123 correlates with the pair density, and that the uniquely
large enhancements observed in this material are associated
with the condensate arising from the CuO chains. The doping
dependence of the enhancement is inconsistent with an elec-
tronic mechanism and a quasiparticle thermal conductivity
that scales with the microwave conductivity according to the
Wiedemann-Franz relation. Measurements ofl, s1 , andk
for x,0.8 in Y-123 should further constrain an electronic
scenario. Doping-dependent studies ofk for cuprates without
chains, and extending into the overdoped regime, should
help to clarify the generality of our observations.

The author acknowledges support from the University of
Miami Research Council.
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