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Systematic and detailed experimental data forafaxis thermal conductivity,(T,x) of YBa,Cu;O, with
6.13<x=<6.98 are compared with the electrical resistiyify( T,x) up to T=300 K. For wide ranges df and
x the overall behavior ofc,(T,x) follows that of LyT/p,(T,x) (WhereLo=2.45x10" 8 WQ K2 is the
standard value of the electronic Lorenz numhgr This shows that the pseudogap causes an increase in
ka(T), comparable to that il oT/p,(T,x). A model calculation, in which a triangular pseudogap in the
electron density of states causes a novel enhancemerilgf is also compared with the data.
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The normal-state gap or pseudogdG) has been ob- nonsuperconducting compositionss 6.13—6.30, where the
served in most hole-doped high-superconductors by vari- crystal structure is tetragonal and twinning is absent. A modi-
ous experiments? but there is no consensus as to its origin, fied steady-state method that minimizes the effect of radia-
nor that of the superconducting pairing mechanism, althouglion losses, was used to measu(@) (Ref. 12 as sketched
they may well be closely related. The PG is observed as & the inset of Fig. 1. A single crystal is mounted between
downward deviation from lineaf- dependence in the in- two constantan wireC) of diameter 125um, which act as
plane resistivityp(T) (Ref. 3 but experimental evidence for heat links to the sapphire platforntS) holding the heaters
its effect on the thermal conductivity is contradictory, —and thermometers. The heat flow in and out of the crystal is
partly because it is difficult to separate the electref)(and Qetermined from the thermoelectric volgages across the heat
phonon P") contributions tox and determine the electronic INkS, and the known«(T) of constantart: The temperature
Lorenz numberL = «®p/T. In Ref. 4 a strong increase in gradient along the crystal was measured using a small differ-

«(T)/ (300) below 200 K for twinned YBACU0, crystals ential thermocouple{D'). It was attached to am-c face of
with x=6.44 tox=6.77 was ascribed to the spin gap, but in crystal, because if it is on aarb face, some layers can be

Ret. 5. of B, Clq5hows WY dependence, i (0" O 1 SUECE when s pemoved ot postons e
p falls, giving adecreasén L below 190 K. This last result a P

is more consistent with a clafithatL can fall to zero at ver error of x3%. After each annealing step, the crystal was
oo y etched with 2% Br in ethanol for a few minutes, the absence
low T because of the breakdown of Fermi-liquid theory. In

Ref. 7, L was found to be equal to the standard vallg, of twinning was checked, dimensions measured, and the

=2.45<10 8WQ K2 for x~7.0 andT.<T<200 K, with
both p, and p,~T*.” However our analysis of more recent
resistivity daté gives pcnai T2. In an effort to clarify these
guestions and to minimize the influence of the Cu-O chains,
we have measured tlaeaxis thermal conductivitk,(T) and
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pa(T) of detwinned YBaCu;O, crystals for many closely TM 027 0} ]
spaqed values of. ‘TE 0.15 re &% x=650 ¢ T e 66 65 7 |
Single crystals of YBgCu;O, were grown by a self-flux S T x ]
method using a BazrQcrucible and were detwinned at E ol
Oxford by annealing under a uniaxial stress of 120 Nfnamn s "00Cogng

829 Soonog]
300°C in flowing oxygen for 8 h. A detwinned crystal was #2033828233585453548]
then cut into several pieces using a Af-diameter wire Crysae ]
saw and etched with 2% Br in ethanol. A single sample . \I ﬁ \[ . ]
(0.96x0.24x0.04mn? in a, b, and ¢ directions, respec- 0 50 100 150 200 250 300
tively) was used for the superconducting compositions. The T ()
oxygen content was decreased in small steps fter5.93 to
6.38 by changing the annealing conditidfisnd finally in- FIG. 1. Temperature dependence of thaxis thermal conduc-
creased tax=6.98. Annealing was done without applying tivity «,(T,x) of detwinned YBaCu;O, for x=6.93, 6.50, 6.44,
uniaxial stress, but the absence of twinning was alwaysind 6.38. The upper inset shoWs vs x determined from the kink
checked using a polarizing optical microscdpeAnother  in x,(T) and the lower one a sketch of the method used for
crystal was used without detwinning to measu(&) for the  thermal-conductivity measurement.
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thermocouples were attached using Dupont 6838 epoxy 0.14 feoar & T
Then, after measurement af(T), the thermocouples and -~ 012 2_6'62\%@ 6-98 © ]
silver paint were removed using a new blade, and the crysta \\_‘ * (@
was etched again before the next annealing treatment. Resi: g 0.1 gzg} \._ Sagg,
tivity measurements were performed using the Montgomery M‘\M‘;:.ooo...éA
method* on other pieces of the same crystal annealed simul- < 008 f L6386 "“"“m?".?"'-xm
taneously. a® 0.06F #

Figure 1 shows examples of theaxis thermal conductiv- Fo L 6.50— o 693 698 L Tlp,
ity x,(T,x) of detwinned YBaCu,O, atx=6.93, 6.50, 6.44, — 004 ;_65 ) [ ]
and 6.38 from 6 to 300 K. For clarity not all our data are w«* 002} 6'6?».. esssss NNNNGN_
shown here. Fok=6.98 to 6.50,«,(T) increases gradually R AL A AR as ac s atp bl
asT approached ., but for x=6.44 and 6.38k,(T) has a S ————
weak maximum abové; at T=80 K. The peak ink4(T) otz b ° 699 ¢ 693 ¥ 656 x 630 1 016
near 30K is observed for all superconducting compositions,<~ —~“ | = 698 4 673 ® 638 17 ey
but it suddenly becomes very small between6.50 and 4  o1f (b 10.14 F’
6.44 where there are also drastic changes in the normal stat g [« %%EQ ] 8

For all superconducting compositions, there is a clear 0'08:' _V_Wﬁgmof“n 7012 =
kink in k,(T) atT.. The values ok were obtained fromthe = 006 [ M&ii-ﬁ.ﬁ? $8§ g%isﬁﬁg_ 0.1 E
annealing conditions using published ddtand previous 3~ i %ﬂga TOene oo 5
work in our laboratory. The resulting(x) curve shownin & _ 0.04 £ e, Cf0ag,  —> ] 0.08 ol
the inset to Fig. 1, agrees reasonably with Ref. 15, where ¥ ¢, | m‘ °°004000998881 006
changes irx were obtained from the weight loss of a poly- I KAERA20000002008 ]
crystalline sample, but we did not attain such low values of Ob et 1 10,04
T. on the overdoped side. For the same value§ obur 0 50 100 150 200 250 300
pa(T) data agree with those in Ref. 8, but owvalues are all T(K)

=0.12 smaller. We have used some of the data in Ref. 8 for
comparison with ourx,(T) results, because of technical
problems with the Montgomery method betwerrs 6.56
and 6.38'°

Figure 2a) comparesk,(T) in the normal state with
LoT/pa(T) for many values ok. For x=6.93 the flatT de-
pendence oL T/p,(T) confirms thatp,(T)=T?!; here the
difference betweem,(T) andLyT/p,(T) nearT, is caused

ber, 2.4 10°8WQ K~

show the differencex,—

FIG. 2. (8 x,(T) in the normal state for th& values shown,
compared withLyT/p,(T), whereL is the standard Lorenz num-
2. Electrical resistivity datgp,(T) from
Ref. 8 are used fok=6.38, 6.50, 6.5@in our notation, see Ref.
16), and our own data for=6.98 and 6.93(b) The upper plots
LoT/pa, denoted aR'(Lo), for the val-
ues ofx shown, using our owmp,(T) data forx=6.99, 6.98, 6.93,
and 6.73, and those of Ref. 8 for lower valuesxofThe lower

by superconducting fluctuations and will be discussed elsecurves showkE(Lpg) for the triangular PG moddkee text

where. The strong increase iyT/p,(T) below 150K for

x~6.5 arises from the well-known effect of the PG on is wider. The variation oikP(T) with x corresponding td.

pa(T). However for lower values ok, p,(T) rapidly be-
comes larger and leSsdependent, so thiegT/p,(T) curves

=Lg is shown in the upper part of Fig(l9, while the lower
part shows the behavior of?(T) when L=Lpg. For x

for x=6.5 andx<6.38 are very different. The corresponding =6.99,6.98 anck=6.93, the PG is small and has little effect.

effect in k4(T), i.e., the different behavior fox=6.5 and
X=<6.44, is clearly visible in the upper part of Figia2 and
moreover the magnitudes of the changes «g(T) and

The reproducibility of the data for the two crystals with
=6.99 andx=6.98 suggests that"'(T) is already substan-
tially reduced by oxygen-defect scatteringxat 6.93. This

LoT/pa(T) are very similar. Hence we can conclude that thepoint, and the fact that taking= L p makes<P'(T) similar

PG doesincreasex,(T) and thatL/Ly~1.

for x=6.73 andx=6.38 and very flat, tend to favor tHe

However as discussed below, there is a strong possibility L pg scenario. Although discrimination betwekr L, and
that the PG actually causesTadependent enhancement of L=L,, is difficult, there is absolutely no evidence for a very
L/L,. In order to test this experimentally we need to knowsmall value ofL, such as that reported at IoW° Our analy-
«P"(x,T), which is limited by phonon-defect scattering at sis also implies that the unusual behavior of the Hall Lorenz

low T and phonon-phonon Umklapp scattering at highér

number L,, for YBa,Cu3Og g5 Crystals, Ly,xT and L,y

There are several optical phonon modes with appreciable=0.19_, just aboveT ., does not arise from a low value of

dispersion, so th@ dependence 0kP'(T) is not knowna
priori. Thex dependence ofP(T) is also not known, it will

L., but that it must be connected with the anomalous Hall
effect in the cuprates.

depend on the phonon-defect scattering rate and over what In standard transport theory for a Fermi liquidsL,
range ofx the O defects act as independent scattering cenbecause small-angle inelastic scattering processes re@hce

ters. In this paper we consider the two scenatios| ; and

without affecting 1p,.'® So for a reasonably conventional

L>L, on an equal footing, but note that they could be dis-picture of the cuprates, for example, the nearly antiferromag-

tinguished by similar experiments on Ca-doped ¥Ba;O,

netic Fermi liquid, our results point towards the predomi-

and BhSr,CaCyOg , crystals where the overdoped region nance of large-angle processes over a wide rangeaofdx,
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FIG. 3. ks, LoT/p,, and k2" (=k,—LoT/p,) vs x at (&) T
=300 K and(b) T=100 K. Solid squares shoy,(T) data from FIG. 4. (a) Lorenz numbetpg/Lo Vs Eg/kgT, calculated for
Ref. 8 forx=6.38 to 6.82see text Our own resistivity data taken the PG model(see text, with a cylindrical Fermi surface, the
using the Montgomery method are shown by solid circles. chemical potentiajy=6000 K and the values dg shown. The

inset shows the corresponding density of states with a triangular gap
e.g., scattering from spin fluctuations with lar@evalues. — of width 2Eg centered atu. (b) xa, LpgT/pa, and k8" (=«,
Values ofL. =L, would be most unusual but could arise if the ~Lpcl/pa) vsxatT=100 K. Solid squares shop,(T) data from
carriers transported more entropy than expected for a Fernfief- 8 forx=6.38—6.82(see text. Our own resistivity data taken
quuid,2 for example, spin entrop’}?. using t.he Montgomery method are shown by solid circles. All lines

Figures 3a) and 3b) show xu(x) and LoT/p,(x) at &€ guides to the eye.
300K and 100 K using both our owsy(T,x) data and those g o
of Ref. 8, with modifiedx values that give the same values of procedure” involving integrals of the form
T.. For x=6.3, the k,(x) curves are roughly parallel to
LoT/pa(X) at both temperatures, which is consistent with the
preceding analysis. The phonon contributiotf(x) (= «,
—LoT/p,) are also plotted in Figs.(8 and 3b), they are
only weakly dependent oR, in the rangex=6.3-6.9, but wherev,, e, and7(&) are the electron velocity, energy, and
rise towards the more ordered stategat6.0 and 7.0. There scattering timen = 0, 1, or 2 and the Lorenz numbér
is also a small peak irkgh(x) nearx=6.5 where various =«p/T=K,/(€?*T?K). Following Ref. 2 allk states within
studies suggest an ordered state with alternate full and empgn energy rangg = Eg cos 2 where taf=k, /k, , are omit-
Cu-O chaing? The plateau if_T/p, from x=6.8 to 6.5 in  ted from the sum, giving the DOS shown as an inset in Fig.
Fig. 3b) corresponds to the mysterious but 4(a). A plot of L/Ly vs Eg/kgT, calculated with this model
well-establishe¥'® merging of thep,(T,x) curves nealT  is shown in Fig. 4a) for the case where(e) is constant for
=100 K. le —u|=2kgT, as expected for inelastic electron-electron
The other scenario considered here involves a fermiorscattering. The physical reason for the enhancemehbt lof

density of stategDOS) with a triangular gap Eg at the is robust, namely when the DOS increases rapidly between
chemical potentiaju, whereEg is the pseudogap ener§y. e=u and e=u*2kgT; the usual Sommerfeld expansion
This gives a good empirical description of specific heat, enfeading toL~L, is no longer valid and the ratio of heat to
tropy, and static susceptibility data for several series oftharge transport is enhanced. But for elastic electron-
cuprate$ as well asc-axis p(T) and magnetoresistance impurity scattering, Fermi’s golden rule gives 7(#)
data?! We therefore calculated for a cylindrical Fermi sur-  «N(e), the DOS factors would then cancel out, so the PG
face with ak-dependent PG, using the standard Boltzmanrwould have little effect ork, andL~L.%?

J
KnZEka-Vk(*?—M)nT(s)%, (1)
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We used the results in Fig(a& taking Eg(x) from Ref.  «®. This shows that the PG does not arise from supercon-
23, to replot Fig. 8) using Lpg rather thanlL,. This is  ducting fluctuations, which are expected to increagg ()
shown in Fig. 4b), where it can be seen thagh(x) becomes with no increase irk‘;'(T), since Cooper pairs do not con-
morex dependent with a broad minimum near 6.5. TheT  tribute to «®(T).?* The data also suggest that over wide
dependence okf" was shown already in the lower part of ranges ofT and x, L=L,. This is difficult to understand
Fig. 2b). If the model does indeed apply #eaxis transport ~ Within certain scenarios for the normal-state gap. For ex-
in under-doped cuprates, then it affects analysis of the Nerngmple, in the bipolaron picturd, would be reduced by a
effect!® because the Sondheimer cancellation would breafactor 6.6 mainly because the carriers have a chage’2
down. On the other hand if phonons in YBCO are onlyMore exp%nments and model calculations are required to de-
weakly scattered by oxygen defeftand th(x) is only terr.nlnefcp more preC|se_Iy and thereby distinguish between
weakly dependent o, as in Fig. 3, the model does not various possible scenarios that can give L.

apply and other scenarios with=L are favored. We thank J. E. McCrone for his kind assistance in some
In summary, by making a systematic study of #rexis  experimental aspects and J. W. Loram for helpful discus-

thermal conductivity of YBgCu;0,, we have shown in a sions. A. Carrington and N. E. Hussey made important con-

reasonably direct way that the Ridescause an increase in tributions in developing the experimental technique.

*On leave from The Institute of Materials Science, University of 40 K where the results suggest a slightly larger number of point

Tsukuba, Tennoudai, Tsukuba, Ibaraki 305-8573, Japan. defects in the reoxygenated crystal.

"Present address: School of Electrical and Computer Engineering?V.W. Wittorff, N.E. Hussey, and J.R. Cooper, Research Review

Curtin University of Technology, Perth, Australia. edited by W.Y. Liang, IRC in Superconductiviyniversity of

1T, Timusk and B. Statt, Rep. Prog. Phg, 61 (1999. Cambridge, Cambridge, 1998

23.W. Loram, J.R. Cooper, W.Y. Liang, and J.L. Tallon, J. Phys.13P.B.AIIen, X. Du, L. Mihaly, and L. ForrpPhys. Rev. B19, 9073
Chem. Solid$2, 59 (2001). (1994). Our data are based &{(T) of constantan from L. Forro

3B. Bucheret al, Phys. Rev. Lett70, 2012 (1993. (private communication «(T)=—0.019716-0.0072185%

4A.V. Inyushkin, A.N. Taldenkov, and T.G. Uvarova, Phys. Rev. B —0.000111282+8.9051x 10" 'T3—3.9762< 10~ °T*+1.0099
54, 13 261(1996. X 10 T5-1.3651x 10" T®+7.6282< 10 8T Wem 1 K L.

SK. Takenakaet al, Phys. Rev. B56, 5654(1997). However they have been checked recently by measuring the
6R.W. Hill, C. Proust, L. Taillefer, P. Fournier, and R.L. Greene, same AbO; sample using both the present method and a more
Nature(London 414, 711 (2001J). conventional ondE. A. Yelland et al,, Ph.D. thesis, University

"R.C. Yu, M.B. Salamon, J.P. Lu, and W.C. Lee, Phys. Rev. Lett. of Cambridge, UK, 2008
69, 1431(1992. 14H.C. Montgomery, J. Appl. Phygi2, 2971 (1971).
K. Segawa and Y. Ando, Phys. Rev. Le86, 4907 (2002D. 153.W. Loram, K.A. Mirza, J.R. Cooper, and W.Y. Liang, Phys. Rev.
9C. Chenet al, J. Low Temp. Phys117, 711 (2000. Lett. 71, 1740(1993.
10k, Conder, Ch. Kruger, and E. Kaldi§urrent Topics in Solid ®Forx=6.56, 6.50, and 6.38, we have usedT) data from Ref.
State Chemistryedited by K. J. RadIindian Academy of Sci- 8 with the same values df. butx=6.70, 6.65, and 6.50 respec-

ences, Bangalore, 1994The crystals were annealed in flowing tively, however we have recently obtained similar data ourselves

gas for 7-10 days and quickly removed from the furnace. For [J.R. Cole(unpublished] for crystals from another source.

Xx=6.98 and 6.93, in 100% L£at 420 and 500 °C, respectively; 17y, Zhang, N.P. Ong, Z.A. Xu, K. Krishana, R. Gagnon, and L.

x=6.87, 20% Q/N, at 500 °C;x=6.82, 1% Q/N, at 450 °C; Taillefer, Phys. Rev. Lett34, 2219(2000.

X=6.73, 2% Q/N, at 500 °C;x=6.68, 1% Q/N, at 500°C;  8J.M. Ziman, Electrons and Phonon&Oxford University Press,

x=6.62 and 6.56 0. 2% 9N, at 481 and 500 °C, respectively; London, 1960.

x=6.50 and 6.44 0.1% N, at 503 and 520 °Cx=6.38, 6.30 197 A. Xu et al, Nature(London 406, 486 (2000

6.19, and 6.13, 0.2% ON,, at 560, 599, 650, and 705 °C, 20N.H. Anderseret al, Physica C317-318 259(1999.

respectively. Contacts were then fired on for a few minutes un?lJR. Cooper, H. Minami, V.W. Wittorff, D. Babic, and J.W. Lo-

der the same conditions, and afterwards the crystals were held ram, Physica (341-348 855 (2000.

for ~10 h at 25 °C before measuring,(T). 22 A similar qualitative explanation was given for the observation of
1The crystal had several twin boundaries near each end, that did Matthiessen’s rule in Zn-doped cuprates even though the PG

not influence the measurement ©f(T) and provide a conve- causes the carrier density to vary withJ.R. CooperHandbook

nient reference when verifying that the central area remained of Superconductivityedited by D.A. Cardwell and D.S. Ginley

untwinned. After deoxygenating from=6.50 to 6.44, the twin (Institute of Physics, U.K., 2002

boundaries disappeared. On reoxygenating the crystax to 23J.W. Loram, K.A. Mirza, and J.R. Cooper, Research Review

=6.98, a small amount of twinning did appear in the central edited by W.Y. Liang, IRC in Superconductivitniversity of

region, but this did not affeck,(T) for T>40 K because data Cambridge, Cambridge, 1998

for another detwinned crystal from the same batch with 2*The sudden changes ify(T) betweernx=6.50 and 6.44 are also

=6.99 are identical above 40 K. This also shows that the effects incompatible with superconducting fluctuation effects.

of oxygen treatment onc,(T) were reversible except below 2°A.S. Alexandrov and N.F. Mott, Phys. Rev. Left, 1075(1993.

220503-4



