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Superconducting-state enhancement of thermal conductivity in the cuprates:
Correlation with the pair density
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The systematics of the superconducting-state enhancements of in-plane thermal conductivity for
YBa,CuyOg,  (Y-123), Bi,Sr,CaCw,0g, TI,Ba,CuOg, and La_,Sr,CuO, 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 thé123 and TI-220] «,, is a weak function of temperature
in-plane  thermal conductivity ) of cuprate for T>T., and thusk),(Tma) = kan(Tc). For Bi-2212 and
superconductors. In the superconducting stateT€T,), underdoped Y-123 the normal-stafedependence is more
Kap lises above its normal-state value and reaches a materiaharked, and the use o€} (Tma) rather thank,u(Tc) in
dependent maximum &t with 0.4<T .../ T.<0.8. Both  defining SW/W more aptly reflects the enhancement due to
phononic and electronic mechanisms have been proposed soiperconductivity alonedW/W is independent of geometric
explain this enhancement but there is currently no consensugcertainties(typically 10-20 % that are inherent in all
regarding its origir.® A phononic explanation may be measurements of small crystals.
viewed as “conventional” in that for disordered supercon- Figure 1 shows SW/W plotted Versus Tpa/Te  for
ductors such as RRBI 01,2 NbC 1 and Z'r7OC.u3O,11 asimi- single %)2/52%61591_ of thgo four C(z)rgnlpsgunc_is _ Y-ﬁ%f,‘
lar peak occurs, attributed to a reduction in phonon-carriePi-2212; I-2201" and LSCO""This figure high-
scattering as the charge carriers condense in the supercdights two aspects of the enhancement systematits:
ducting state. An electronic mechanism entails a dramati@V/W~0.1-0.2 represents a lower bound for all of these
enhancement in the quasiparticle lifetimg,,, in the super- Mmaterials, and2) Y-123 is uniquein that its SW/W values
conducting state, so as to overcome a decreasing number ¥y widely and can substantially exceed 0.2, with larger
quasiparticle excitations. In support of an electronic scenari@"hancements occurring at lower temperatures. It is immedi-
are the microwave conductivity derived from the measureditely clear from this figure thaW/W does notcorrelate
surface resistancé,which implies such an enhancement in universally with the hole concentration in the Cu@lanes
74p, and theoretical models for the cuprates wherein scattelP) since all of the specimens represented, with the excep-
ing by spin fluctuations andl-wave pairing are central tion of two LSCO samples, were near optimal doping
ingredients’ >3 (0.13<p=0.19).

Though many measurements af,, for single-crystal
specimens have been reported, a comparative survey of the

enhancement systematics for different materials, and particu- 07 A o

larly its dependence on charge-carrier doping, has not been 06 ] .

presented. In this paper we examine the available data for i e Y-123

four compounds: YBaCu3Og. , (Y-123), Bi,Sr,CaCu,0g P = Bi-2212
(Bi-2212), TI,Ba,CuOs (TI-2201), and La,_,Sr,CuO, 0sF S A TI-2201
(LSCO). For Y-123, where sufficient data are available, we E o o ¢ LSCO
demonstrate that the magnitude of the enhancement is pro- = 04 .' E
portional to the superconducting pair density, The impli- 7 [ °

cations of this finding for interpretations of the enhancement 03F . ]
are discussed. !

Since the enhancement arises from a reduction in scat- 0.2F ° Oﬁ. " ]
tering, we describe it by the normalized change in the in- o o o la
plane thermal resistivity atT .., OW/W=[WJ (Tmna) 0.1 ® e g "
_\Ngb(Tmax)]/ng(Tmax)zl_ Kgb(Tmax)/bi(Tmax)v where L, , , L
Kap(Tma) and  «op(Tma) are the normal-  and *%s 04 05 06 07 08 09
superconducting-state thermal conductivities, respectively,
and theW,, represent corresponding thermal resistivities. Tmax/Tc
kho(Tmay IS estimated by extrapolating the normal-state
data to T, In most casegsuch as for optimally doped FIG. 1. SW/W vs T,/ T for cuprate crystals.
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the local maximum, corresponds to the 60 K plateau, where

o7k 7 T ' ' 130 the chains are alternately full and empty. These data support
! a model in which superconductivity extends to oxygen-filled
osk 4125 chains via the proximity effect, and is suppressed by pair
] breaking on disordered chains due to vacancy-induced local
o5k 1.0 moments:>*?Both the 90 K and 60 K features are evident in

SW/IW, though further measurements for heavily under-
doped crystals are needed to convincingly establish the sec-
ond feature. The same qualitative behaviost¥/W with x

] has been confirmed in systematic measurements on indi-
i U vidual polycrystal Y-123 specimeft3 The available data for

] crystals of the other materials are insufficférto construct
plots similar to Fig. 2.

04F

dW/W

“MC1)AQ

02F

01} To interpret the results of Fig. 2 we must consider both
] electronic () and lattice ) contributions to the heat
oobvuutsunnn 4 L 4 0.0 flow, k= k+ k| (we speak exclusively of the in-plane ther-
04 05 06 07 08 09 10 mal conductivity, and omit theb subscript without con-
X fusion. Thus, SW/W=1—(«xp+ «[)/(x3+«]). Qualita-

tively, we can see that the behaviéw/Wxngs/n can arise
from either a phononic or electronic mechanism if the en-
FIG. 2. 5W/W vsx for Y-123 crystals. The open symbols are for hancement in one of these contributions predominates. When
untwinned specimens from Ref. 2@iamond$ and Ref. 23 \atthiessen's rule is obeyéd, the normal- and
(circles; the larger(smallej SW/W values for each pair of open  gynerconducting-state thermal resistivitiést temperature
symbols correipcl)nd tof heat ﬂov‘é along theax;s (b SX%& h‘; Tmaw for either electronic or lattice heat flow can be ex-
remaining symbools are 1or twinne specimens 1rom Re te _ _ _ _
squarg, Ref. 16(diamond, Ref. 18(square} Ref. 19(circles, Ref. E\r/ifieveh:?g: re?):resBer?trs]dchWSargé((:;rrigi/snc)athtSr'inE]e;[r)gl(l:
22 (inverted triangle and Ref. 23(triangle. The solid line is the . . .
normalized electronic specific heat jump for polycrystals, adapteé)ther scattgrlng. This two-fluid scheme for the SUp?rcqndUCt-
from Ref. 38. Ing state yieldssW/W=[A/(A+B)](ns/n), in qualitative
agreement with the data, provided the rafit(A+B) is a
The data of Henningt al?* confirm that the large varia- weak function of doping. More generally, enhancements in
tions in SW/W for Y-123 are principally due to differences in both «. and «_ imply a more complex behavior for
oxygen content. Their as-grown Y-123 crystal, with SW/W, with higher-order terms img/n. In addition, the
SW/W=0.08, was subsequently annealed in oxygen at higlscattering parameters may be expected to change with dop-
pressure and remeasured, yieldidyV/W=0.46. Though ing. For examplek for insulating Y-123 is extremely sen-
oxygen content was not specified, for both oxygenatiorsitive to small variations in oxygen contéfitThus, a general
statesT.=92 K, indicating 0.8sx=<1.0 (i.e., within the “90  treatment of6W/W entails model-dependent assumptions.
K plateau”). Values of SW/W larger than 0.2 for Y-123 are Constraints on an electronic enhancement can be found by
thus associated with the filling of oxygen vacancies on theconsidering measurements of other electronic properties. Ob-
CuO chains. servations of a peak nedi,,, in the microwave conductiv-
The oxygen-doping dependence of the enhancement iity, 01,2 provide motivation for the propogdithat 3 scales
Y-123 is shown in Fig. 2 where we pléW/W vs x for that  with o4 according to the Wiedemann-Franz relation, and
subset of Fig. 1 measurements for which valuex afere  tend to support an electronic mechanism for the enhance-
reported. Also included in this figure are détitted squane  ment. If inelastic scattering is rapidly suppressed &tT.,
from Ref. 15 with oxygen content estimated from thethe quasiparticle transport might be expected to obey,
T.(x) phase curv&* using the suppressei value(88 K).  «3(T)=TLS0(T), with the quasiparticle Lorenz number
The largest uncertainties in this plot are for the oxygen connear its ideal value for elastic scattering,
tent. In some cas&&?°these values were determined from LS=L,=2.45x< 10 8WQ/K2. Theory® does not support this
the thermopowe?}®* magnetizatio® and/or lattice relationship, but experimentally it is approximately followed
paramete&] measured on the same crystals, but in others théor untwinned Y-123 near optimal doping if it is assurfied
method was unspecified. Uncertaintiesxirand oxygen ho- that there is no enhancementn, i.e., KL=kl .
mogeneity may account for the scatter in the data. Systematic studies of microwave surface resistance
It is now well established from measurements of the spe¢R,),*® penetration depthix),*® and normal-state electrical
cific hea® and penetration depth* that fully oxygenated conductivity (@") (Ref. 50 as functions of for Y-123, al-

chains in Y-123 are superconducting and contribute substangy for a more stringent test of the scaling ot with o .
tially to the condensate densityng). It is remarkable that Taking «3=T madl 501, &'=Tmal"o", and assuming

SW/W follows closely the normalized electronic specific s_ n : ;
. o =k, , the doping-dependerectronicenhancement can

heat jJump,6y(T.)/ y,ne/n, from Loramet al®® (solid line .= "L ping-dep

- . . o be expressed as

in Fig. 2. The most dramatic feature iAy(T;)/v, is its

increase by nearly an order of magnitude within the 90 K

plateau®®* indicating a corresponding enhancement in pair 5W(x)zl

density, arising principally from the chains. A second feature, w
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(1) L™ and L® at T4 differ from Ly and may vary withx,

o7F ] and (2) «, does not followo; and the enhancement i
] predominates for atk.

o6k 425 The first point to note regarding the Lorenz ratios is that
] o1/0"=7-8 for all x, and thuséW/W as computed from
05F Ja0 Eq. (1) is rather insensitive to the value bf. Thus,L® must
L ] o decrease below J-with decreasing to account for the be-
s 04F = havior of SW/W(x). For purely elastic scattering and in the
= 115 M clean limit(appropriate to Y-128 both strong and weak cou-
“© o3l ] = pling for a singles-wave gap yield.S> L, at Tr..>° Recent
Jio computations for  two-dimensional, d,2_2-wave
02F ] superconductofé indicate 0.5<L%L,<1.5 in the clean
r ] limit, with larger (smalley values corresponding to unitarity
o1k 705 (Born) impurity scattering. In Fig. 3 we sho@wW/W com-
: ] puted from(1) usingL"=L,, L5=Ly/2 (squares This curve
0.0 e, ) TS P represents a lower bound on an electronic contribution for
04 05 06 07 08 09 10 thed,2_,2-wave case. Better agreement with the doping de-
pendencegbut not the magnitudeis possible ifLS(x) is al-
X lowed to vary continuously from 1.5 a¢=0.94 to 0.5 at

x=0.80. Within thed,2_,2-wave model of Graét al. such a
FIG. 3. Electronic contribution tW/W computed from the Variation inL® implies an impurity scattering strength that
microwave conductivity of Ref. 49 using EfL) and Lorenz num-  decreases from strong to weak with decreaginghis would
bers as indicated. The solid line and scaling of axes are the same appear to be inconsistent with trlewave theory for the
in Fig. 2. microwave respons€, the predictions of which are incom-
patible with experimenit in the weak-scattering limit. The

where all quantities are to be evaluatedrat,. We assume Presence of residual inelastic scatteringTaf,, would not
initially that LS andL" are independent of. Bonnetal?®  alter these conclusions.

observed a peak iR at =40 K that was independent of ~ Alternatively, it is possibile that the peak iy has noth-
oxygen contentRs=30 xQ) at w/2w=3.64 GH2 for fourx  ing to do with scattering, i.e., does not imply 73, that
values! of the same crystal. Using these results anddrows dramatically belowl .. There is theoretical motiva-
N(x),% we compute o4(X) = (2/u2w?)R/N3(x). o is  tion for this point of view. Calculati(_)r?§ of o, from Eliash-
found by linearT extrapolation of the normal-state berg theory with a two-gap modélyield a peak incy inde-
resistivity®® Systematic measurements ofx) on an indi- Pendent of the form ofry,. Thus the enhancement ik,
vidual crystal for this< range are not available, so we rely on could be negligible andW/W predominantly phononic. The
the following estimate for«"(x). For the highest oxygen doping dependence in Fig. 2 could then be interpreted con-
content &=0.94) we takex"(0.94)=12.3+2.6 W/mK, the Vventionally. _
average(and standard deviation for uncertaintyf sixteen In conclusion, we have shown that the superconducting-
specimens from the literaturig. 1) havingT,=90 K and  State enhancement of the in-plane thermal conductivity for
Tma<45 K. For subsequent values ®fthis " is reduced  Y-123 correlates with the pair density, and that the uniquely

according to the Wiedemann-Franz relation to accountarge enhancements observed in this material are associated
for the decrease in " ie K"(x) = k"(0.94) with the condensate arising from the CuO chains. The doping
e, e, )

T " o"(0.94)— o"(x)]. Results usind.S=L"=L - for depgndence of the enhancement is.inconsistent with an'e'lec—
mat o7 (0] ¢ 0 tronic mechanism and a quasiparticle thermal conductivity

all x are shown in Fig. 3circles. that | ith the mi ductivit ding to th
The computed and measuréW/W are in reasonable ac- at scales wi € microwave conductivity according o the
Wiedemann-Franz relation. Measurements\pfo;, and «

cord forx=0.9, but the former overestimates the latter by af 08 in Y-123 should furth . I .
factor of 3 nearx=0.8. This disagreement is well outside or x<0.8 In Y- should further constrain an electronic

any uncertainties introduced in our analysis. Allowing en-Scenario. Dopmg—de_pendent Studiescdbr cuprates without
hancements in¢, increases the discrepancy, as does incor-ChamS’ anq extending |n'to the overdoped' regime, should
porating a decrease i with decreasing implied by poly- help to clarify the generality of our observations.

crystal studie$3°? We consider two possible conclusions  The author acknowledges support from the University of
from these results that may resolve the apparent discrepancytiami Research Council.
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