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We make a tentative proposal to extract the electronic contribution to the in-plane thermal conductivity
ke(T) of YBa,CuzO7_y in the normal state. We have measureg(T) for single crystals with various
oxygen contents (6.66 7—y <6.93). The systematic study of the oxygen-content dependeneg, dér the
insulating phase enables us to estimate the phononic contribyfig) for the metallic phase to some extent.
Based on the estimateq,,, we examineds,, from the view point of whether the Wiedemann-Franz law holds
or not. The estimated,, appears to show only a wedkdependence and no significant change at a charac-
teristic temperatur@* below which the electrical conductivity,,(T) is enhanced possibly due to the opening
of a spin gap. The difference betweep and o, suggests the violation of the Wiedemann-Franz law below
T*. We discussed the ambiguity of our analyses and other possible interpretations of the present result as well
as the picture of the charge transport speculated from the above suggesfib63-18207)02934-2

I. INTRODUCTION high temperatures th€ dependence o}, should be attrib-
uted primarily tox,,, suggesting thak, shows a weakl

A striking feature in the charge transport of high-su- dependence over the whaoleregion in the normal state and
perconductors is the systematic deviation from Thénear  hence the Wiedemann-Fra&/F) law does not hold below
behavior in the in-plane resistivity,,(p,)(T) commonly T* while it holds abovel* . Examining theq dependence of
observed below a characteristic temperafGitewell above  the scattering process based on the failure of the WF law and
T. in the underdoped cuprates Ygau3o7_y,1'2 differences between the spin-gap structures arapn@ and
YBa,Cu,0g2 and La, ,Sr,Cu0,.* This characteristic be- Q indicated by NMR experiments, it is suggested that the
havior provides us with a clue to elucidate the mechanism of1arge carriers are scattered predominantly by the processes

the charge transport or an interplay between charge and spffth small momentum change.
excitations'?

In order to get further insight into this issue, we have Il. EXPERIMENTS
investigated the in-plane thermal conductivikg,(T) of

YBa,Cu;0;_, using single crystals with various oxygen flux method using a YO, cruciblel’*®The oxygen content

contents in the range 6.08 7—y < 6.93. The thermal ¢ controlled by annealing them at 600 °C for 12 h in a
conductivity of YB&Cuz07_, has so far been studied by segled quartz tube together with about 10 g of polycrystalline
many researcheP;Howeveg, the previous works focused on YBa,Cu30;_, and determined by the iodometric titration of
the superconducting stafe'® Much less attention has been these polycrystals. After annealing, the crystals were slowly
paid to its magnitude an@ dependence in the normal state cooled in order to reduce oxygen disorder in the chain’site.
to make a detailed comparison between thermal and electrin order to make the analyses and discussions more convinc-
cal conductivity. Here we make an attempt to establish théng, we have also investigated theb anisotropy of the ther-
relation between the thermal and electrical conduction bynal conduction for detwinned YB&£u3O4 g and the in-
studying how the characteristic behaviordg, belowT* is  plane thermal conductivity of YBACuUgg9ZNgo1) 306.93-
reflected ink,p . The twin defects were removed by applying uniaxial stress
In metals the thermal and electrical relaxation are closely{~ 107 kgf/lcm?) at 450 °C for 40 h. The annealing condi-
related to each other and the investigations of similarities antdon mentioned above was crucial to avoid introducing twin
differences between them—generally it is carried out basedefects into the twin-free crystatsThe observation by a po-
on Lorenz numbeb o(T)=«(T)/o(T)T—has enabled us to larized optical microscope and single-crystalline x-ray dif-
identify the mechanism of the charge transpg8rt®In high-  fraction confirm that the detwinning was perfect. The Zn
T. superconductors, however, electronig.f and lattice content was examined by electron-probe microanalysis
(xpr) components of the in-plane thermal conductivity are(EPMA).
both substantial, which has prevented us from understanding The thermal conductivity was measured by a steady-state
the thermal transport of the charge carriers. method. The specimen was anchored on a copper heat sink
In order to determinex.;, we have attempted to estimate and a 120} strain gauge was placed as a heater with silver
Kpn for the metallic phase by the detailed investigatiokgf  paste. The temperature gradient across the specifien
for the insulating phase. The present study indicates that 40.3—-0.5 K was measured by a differential Chromel-

Single crystals of YBaCu3;0,_, were grown by a self-
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FIG. 1. In-plane thermal conductivity,, of YBa,Cu30;_,
plotted as a function of temperature for the insulating compounds
(6.06 < 7—y =< 6.349 (a) and for the metallic compound§—y
~6.68 and 6.98(b). The dashed curve shown (h) represents the
estimated phonon contributiot),, described in the text. Insets show
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the in-plane resistivity,,, measured on the same crystal.
Constantan thermocouple attached to the specimen using 5-!’/ z~0.01
varnish.
The experimental results are shown in Figg)ffor «,, of 0 : 00— 550 . 300

insulating YBaCu307_, (6.06< 7—y <6.34) and in Fig.
1(b) for k4 of metallic YBa,Cu30,_, (T, ~ 63 K and 92 Temperature(K)
K for 7—y ~ 6.68 and 6.93, respectivelyThe results of,

and «, for twin-free YBaCusOges and xap fOr gy oy 70y 00 forz = 0and~ 0.01 (T, ~ 80 K). The

YBa,(Cu;_,Zn,) 306,93(z = 0 and~ 0.01, T, ~ 80 K) are in-plane thermal conductivity is drastically suppressed by Zn sub-
displayed in Fig. 2 and Fig. 3, respectively. The major SOUrC& tion. In the normal statd~*-like behavior due to the phonon-

of uncertainty in the thermal conductivity measurements igynononU process almost disappears. This can be interpreted as that
heat loss. The vacuum below 190torr and adopting a fine the Zn ions disturb the phononic system of the Gu@ane as a

(25 um) Constantan wire as a lead reduce heat losses Vigain heat channel. In the superconducting state, on the other hand,
residual gases and lead to below 1% of the measured valugie abrupt peak observed for pure crystal almost disappears, con-
Nevertheless, a stroriy dependenceT3) of heat loss via trary to L* o, T which shows a peak clearly beloW, . This sug-
radiation still limits the accuracy of the measurement espegests the existence of some process which contributég'tbut not
cially at high temperatures. In order to overcome this diffi-to p,p.

FIG. 3. Temperature dependence ot,, measured on
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. RESULTS Ko andky, can roughly be scaled with the difference between
pa and py,.2! The in-plane phononic components should be
isotropic.

In insulators, heat is carried by phonons and, in some |mpurity effect onk,, suggests that a main heat channel
cases, by magnons. Becaysg measured in this work is at s cuyo, plane. Zinc substitution suppresses, so drasti-
least 5102 Q cm, an electronic contribution is roughly cally that in the normal statd ~!-like behavior, due to a
estimated to be less than 2% of the measured value, assUBhonon-phonory process, almost disappedf&ig. 3). The
ing the WF lawk=LooT [L, is the Lorenz number of a NMR study indicates that the Zn ions are substituted selec-
degenerate Fermi gasm{/3)(kg/€)*=2.45x10"% WQ/ tvely for the planar C(®),22 and hence this result can be
K?]. Therefore, we can ignore the electronic contribution forynderstood by the fact that the Zn substitution affects the
the present oxygen-content range. phononic system of the Cuplane as a main heat channel,

The most notable feature @y, is the two structures for  whijch is consistent with the fact that,, is drastically sup-

the sample with the lowest oxygen contefity ~ 6.08: @  pressed by a slight oxygenation for the nearly stoichiometric
shoulder at~80 K and a broad peak at200 K. The ther-  region.

mal conductivity of an ordinary insulating crystal is charac-
terized by ar? rise at low temperatures dominated by bound-
ary scattering which crosses over toTa! tail at high B. Metallic phase
temperatures due to a phonon-phonon umklagp(
process? In the present case, the peak-a200 K is hardly
explained within the framework of the conventional lattice

A. Insulating phase

For the 90-K material,x,, is characterized by a pro-
nounced peak beloW, and a cleaiT ~*-like tail in the nor-
o . L ..~ mal state. For the 60-K material, the overall feature is not
thermal conductivity. The origin of this “double-peak affected by the oxygen reduction, though its magnitude and

sHtructure |s_ts_t|II in dispute at_s :str(]ilstctlils_seoi Ie(t?ec. I_VA)'t T dependence are suppressed compared with the 90-K mate-
owever, 1t 1S more essential that this StUCIUTe 1S NOt 1€y, The weakT dependence ok, in the normal state re-
markable except in the neighborhood of-y = 6. This

structure is rapidly suppressed by oxygenation and for th%lorted previously is probably due to the radiation heat loss

) . : nd/or less integrity of the specimens.
partially oxygenated compounds,, is characterized solely grty P

by the broad K at 80 K which is a tvoical lattice th First, we examinec,, in the normal state. The result of
y the broad pea which IS a typical lattice ther- K,p for the insulating phase provides us with the following
mal conductivity of an ordinary insulator. Therefore, the

shoulder at~ 80 K for ~ 6.06 should be considered due to plctu_re \c/)\l;éﬁ'jr afrhl_%h ;emp\t;/r;turzsep_,ll can bre] descrlhbed als
the same origin of the broad peak for the partially oxygen-Kph._. (. Yo T )~ HereWpandaT are phonon therma
ated compounds—the crossover frofiarise to aT ~* tail. resistivities due to'the phonon-defect and phqnon—phonon
The effect of the double-peak structure appears to be notabff0C€SSes, respectively. Tlyedependence Ok, is domi-
only for the higherT region. In this sense, we may argue the Nated by the randomness in the chain layers. For the inter-
y dependence ok, based on the lower-temperature part of Mediate compositions,, is not sensitive to the oxygen con-
Kap. FOI the range 6.19—6.34, we measukgg on thesame  tentand can be commonly characterized byThe-like tail.
crystal with various oxygen contents, which enables us tdhese features indicate that *-like behavior ofic,y, for the
make systematic and quantitative discussions oly ttiepen-  two metallic samples should be attributed to not electronic
dence ofkapph)- but phononicorigin. If we roughly estimate the electronic
The decrease of,pn) With oxygenation is probably due contribution assuming the WF law, the decreasecgf for
to the increase of phonon-defect scatterings by the randonihe 60-K material is hardly explained by increase mgf,
ness in the chain layer. However, the present result showaloné®?®and hence the increase W#" by introducing the
that the drastic suppression by oxygen introduction is rerandomness into the chain layers should be taken into ac-
markable only in the neighborhood of-% = 6 and further count.
oxygenation does not changg,, so strongly. In factx,y, is Turning to the superconducting state, the main subject is
almost the same for- 6.25 and 6.34 except the slight dif- whether the pronounced peak beldly is electronic or
ference near room temperature probably due to the remnanjhononic in origir®* The present result supports the former
of the double-peak structure. This suggests that for the intebecause the peak for the 90-K material is larger thgnfor
mediate compositions the phononic state as a heat channelti¥e Og o5 Crystal. The phonon mean free path should be con-
the same regardless of oxygen content. In addition, it is notesidered originally suppressed by some scatterers other than
worthy thatT ~*-like behavior is clearly observed fer 6.34  charge carriers, probably by slight nonstoichiometrgn-
where the chain layers are considerably disordered. Thestomness in the chain layerSome researchers claim the
features can be explained consistently by the picture that heghononic origin based on the result thaf, of the crystal
flows mainly through nearly perfect other layers and henceeduced further than- 6.06 is larger than that of the 90-K
the randomness in the chain layers has rather indirect effectaaterial. However, the 90-K materiat-( 6.93 contains the
on the in-planexpy,. randomness in the chain layers. In the neighborhood of the
A minor role of the chain layer as a heat channel is supstoichiometric compositione,,, is considered to be drasti-
ported by the result that the-b anisotropy of the in-plane cally suppressed by the randomness in the chain layers and
thermal conductivity measured on a twin-free crystal arisediencex,, of the 90-K material should be compared with the
from the electronic contributiofFig. 2 for the 60-K material Og o Crystal rather than the stochiometric YBau;04 be-
and Ref. 8 for the 90-K material The difference between cause of the similar structural integrity.
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IV. ANALYSES 12 T T T T
Fo _ YB32CU306_68
A. Origin of the double-peak structure ok . L(108WQ/K?)
We examine two candidates for the origin of this anoma- kg, =18

lous structure. One is heat conduction by the spin waves in ~2.45
the CuQ, plane? The contribution of magnonk(,,) is sug-
gested by the following factgl) The peak temperature is
comparable to the Mg temperature of the materia2) A
similar broad peak at~200 K is observed for
PrBa,Cu;0-_, (Ref. 26 in which few holes are doped into
the CuO, plane for any oxygen content and the planes re-
main to be a charge-transfé2T) insulator?”-?%(3) The dras-

tic suppression of this peak by oxygen introduction or by a
small concentration<2.5 at. % of Zn and Ni impuritie$? . | . . ,
is consistent with the fact that the spin-correlation length in 0 100 200 300
the plane decreases rapidly with hole doping into the planes Temperature (K)

or by substituting Cu with these impurities, respectivély.

As an alternative interpretation of this double-peak struc-
ture, the anomalous phonon damping mechanism due to ti
dlsFortlon of th? QuO polyhedra IS propossé’c.Cohn etal. a dashed curve. For the reasonable valuek,ot,, is T indepen-
claimed that this !nterpr?tat'on has the foIIo_wmg advantageﬁent or decreases with temperature decreases, which is contradic-
over the magnetic origin(1) weak magnetic field depen- tory to the prediction based on the results«gf, for the insulating

dence and2) abserzlggl of this structure iRap, for the T'  phase. Tha dependence ok, is primarily attributed tOK .-
compound PyCuO,,~*>*which has no apical oxygen. How-

ever, these facts might be explained also by spin-wave con- i .
tribution as follows: (1) The magnetic coupling is much _ !f We estimatexe to beLeT/pap, #pn (=Kap~ Ke) IS T
stronger than the effect of an ordinary magnetic fi¢gl.In independent or decrea_ses with decreasing temperature unless
the case of PJCuO,, ,;, is larger than that of LsCuO, or ~ We adopt the substantially small value lof compared with
YBa,Cu;O¢ probably because of a larger contribution of thethe Sommerfeld valué, and/or that measured on various
lattice component due to better stoichiometry. Assumingnetals? (Fig. 4). This behavior is usually observed for the
Kmg IS nearly the same between JuO, and heavily disordered phononic systems like amorphous solids
YBa,Cu3zOg, xpnin Pr,CuQ, is about twice as large as that or disordered alloys, where the phonon mean free path is so
in YBa,Cu3Og. short that it is not sensitive to additional scattering
processes? This is contrary to the present experiment, sug-
gesting that the phononic system of a main heat channel is
B. Separation of electronic and lattice contributions rather indirectly affected by the randomness in the chain lay-

The present experimental result indicates thatThée-  €rs and hencey,, shows persistenty ~-like behavior. For
pendence ok, should be attributed primarily te,,. The  the intermediate compositions;, is almosty independent
subject in this section is to examine the magnitude @and and hence we may regargd,, for ~ 6.34 as the “common”
dependence of the electronic contributieg. It is plausible  «pn for the partially oxygenated compounds with oxygen
to discusseg within the Boltzmann transport theory. It limits content ranging from~6.25 to ~6.68 (the 60-K material
ke=<LooT, where the equal sign represents the WF 1w. The above estimated,, is rather suppressed compared with
We examine whether the estimation af assuming the WF  k,p, 0f ~ 6.34[the dashed curve in Figs(d) and 4.
law is consistent or not with the speculation «qf, deduced Assumingk,;, for ~ 6.34 to be equal ta, for the 60-K
from they dependence ok, for the insulating phase. material, ko can be determined as a difference between the

The WF law appears hold wherfE linearity of p,, is measuredk,, and the above-estimated,, (Fig. 5). It fol-
observed because it yieldsTaindependenic, and hence is lows that in the normal state,, is almostT independent, in
self-consistent with the above conclusion that Thelepen-  contrast to the dashed curk& T/p,, (L* is chosen to co-
dence ofk,p, is dominated byk,,. For the 90-K material, incide with k¢ at 300 K,~ 3.1x10~% W Q/K?). The dif-

Ko IS estimated to be more than 40% of,, from ference is more clearly envisaged in terms of the Lorenz
LoT/pap. Therefore, ifke would show a remarkabl& de-  numberL = kqp,p/T (Fig. 6). One can rule out the contri-
pendence, thd dependence ok,, would be affected also bution of the CuO chains ta,, by observing the difference

0

IS

Thermal Conductivity £ (W/mK)
) o

FIG. 4. The measured,, and the estimateg, and «,, assum-
g the WF law with various values of Lorenz number for
Ba,Cu30¢65. FOr comparison,y, for ~ 6.34 is also shown by

by the electronic contribution. in k; and p, measured on the twin-free YB&U3;O0g gg.
The central concern is if the enhancemeniogf, below  This indicates that this feature is inherent to the Guiane.
T* leads to a similar enhancement «f for the 60-K mate- If xpn of the 60-K material is substantially suppressed

rial. The present study is, if anything, negative to this, sug-compared withx,, of ~ 6.34, it probably originates from
gesting violation of the WF law beloW* . . appears to be the electron(charge carrigephonon interaction. However,
almostT independent or, at least, to show a weakefepen- this effect is considered to make only a minor contribution in
dence than that estimated from the enhancement,gfas-  this system by the following reason. The phonon thermal
suming the WF law. resistivity due to electron scatteringy?', is generally re-
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boson-boson scattering hardly persists at low temperatures, a
phonon-magnon coupling, if any, cannot contribute/®".

At high temperatures, if the spin scattering is dominat,

will increase monotonically with increasing oxygen content
because the magnetic fluctuation or the magnetic order is
destroyed by hole doping. Therefore, the phonon-magnon
interaction seems to make only a minor contributionAg
because thg dependence ok, is controlled by the ran-
domness in the chain layers.

The effect of the anomalous double peak may still remain
persistently at near room temperature for6.34. However,
this effect tends to weaken tfie 1-like behavior and hence
Kkpn for the 60-K material shows more clearly thie 1-like
behavior thanc,, for ~ 6.34, which leads to a strengthening
of the violation of the WF law.

Next, we make a rough estimation &f, at the supercon-
ducting state. It appears that the WF law holds over the

0 100 200
Temperature (K)

300 whole T region as far ag,, showsT linearity. Then, for the

90-K material we estimate, and «,,, in the normal state to
be L* T/pap=6.0 W/mK and kp— ko= (WE"+ aT) "2, re-
FIG. 5. Temperature dependence of the estimated electronigpective|y_ A least-squares fit yields=5.50< 104 m/W
component of the in-plane thermal conductiviy, for the 60-K 54 Wgh: 4.48<10°2 mK/W. The estimatedk,, at high
material. The details of the estimation are described in the text. Th?emperatures is smoothly connectedktg, of the po crys-
dashed curve Shows* T/pgp (L* is chosen to coincide witk at tal which is considered to represexy, of the 90-K6'r(')r$aterial

300 K, ~3.1x10°8 W Q/K?). The inset shows (solid curve ¢ the lowT reai in th ducti tate is d
andL* o, T (dashed curvefor the 90-K materialo, is taken from at the low+ region. k¢ In (he superconducting state Is ae-

Ref. 34.

termined as a difference between, and this «,,. Thus
estimatedkpy,, ke, andL, are shown in Fig. (b) (dashed

lated to the electrical resistivity due to phonon scatteringCurve, the inset of Fig. 5, and Fig. 6, respectively. Then, we
pSh. In the conventional picture this relation is expressed a§an make a parallel analysis on the chatgaasiparticle

ph_

el
Pph TNy

2

s

transport in the superconducting state by formally comparing
ke With the real part of the microwave conductivity, (T).
Reflecting the enhancement of the relaxation time and a
rapid decrease in the quasiparticle density,shows a pro-

at high temperaturesn( is the number of electron per unit nounced peak beloW,, which reaches a value more than 20
cell).!* Previous studies indicate that the electron-phonon intimes the normal-state vald&lt turns out that the estimated
teraction plays only a minor role on the electrical k is smaller tharL* o, T belowT., as in the case o in
and hencewg,h can be ignored in the present the normal state below* for the underdoped compounds

resistivity 133

case.

The phonon-magnorispin fluctuation interaction may
also have some contribution t@/®". However, because

®
n

w

| classical value
(245X 108 WQ/K2)

6.93

(Inset of Fig. 5. Thus, a common mechanism might be
working which violates the WF law when either supercon-
ducting or spin gap opens.

We cannot completely exclude other possibilities of inter-
preting the experimental resulid) Ignoring W&h may be an
oversimplification even if the electron-phonon interaction
makes only a minor contribution to the carrier scattering.
Therefore, the present interpretation might be altered accord-

ing to a more precise estimation WE,“: The WF law may
hold also belowT*. In any case, it seems to be sure that the
WF law holds at least abové* or wherep,, shows the
T-linear behavior(2) A question arises whethér, is much
smaller than the Sommerfeld valug. For example, the Lo-
renz number of the nondegenerate Bose gas with chazge 2
is ~iLo (Ref. 39 (Sec. ). However, the present result is
negative to this picture. Considering the possibility of the
electron-phonon interaction and/or remnants of the double-
peak structurek,, for ~ 6.34 does not appear to underesti-
mate «,y, for the 60-K material. Therefore, . hardly be-

comes small comparable to /4 for example.
FIG. 6. Temperature dependence of the Lorenz number

Le=ke/ 0T estimated for YBaCuzO;_, in the metallic phase.
For the 60-K materiall is T dependent beloW* while itis T
independent abov&*, suggesting the failure of the WF law below
T*.

N
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Lorenz Number L, (103W Q/K?)
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V. DISCUSSION

Based on the correlation betwe@&h and the onset of a
spin gap, we speculated that the in-plane charge transport is
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dominated by the spin excitations and the enhancement diquid models as an alternative. One of them is that based on
o4 belowT* is due to the decrease in the density of the spirthe uniform resonating valence botiBVB) state}* where
excitations upon opening the spin gafi.the spin gap has a one electron dissociates into a spinon-holon pair in the
differenteffect on the thermal and electrical conduction, as isCUO, plane and they are coupled through a gauge field. In
suggested by the present result that appears to show a this context, the in-plane electrical current is carried by ho-
weak T dependence also beloW, it might be necessary to 10ns which are scattered by the long-wavelengsmall-

take into account different scattering processes between eleBlomentum fluctuation of the gauge field. This mechanism
trical and thermal conduction. yields T-linear resistivity. These fluctuations are suppressed

Dby the spinon condensatidnringlets and hence the resistiv-
ity is reduced in the spin gap region. On the other hand, the
in-plane thermal current is carried by spinons in this model,
so that the WF law is not necessarily to be obeyed.

The bipolaron model is proposed as another non-Fermi-

The results of NMR experiments show that the Knigh
shift AK, proportional to the uniform susceptibility
x(q=0), is suppressed beloWy which is higher than the
temperatureTg at which the nuclear relaxationT(T) 1,

proportional to _the staggert_ad susceptibilifq=Q) with liquid model of highT. superconductor® In this model, the
QZ(;Q m) (antiferromagnetic wave numbershows a yent is carried by charged spin bipolarons, which form a
peak:®® The characteristic temperatufB* in the char_ge condensed Bose gas beloW, and a nondegenerate gas
transport is rather close @ ,**"* and so the electrical apove it. Extendedree bipolarons whose density is propor-
conduction seems to be dominated by the process with smajpnal to T are scattered by localized bipolarons. This relax-
momentum change. ation rate is proportional t? because only localized bosons
The intimate relation betweem,, and x(0) leads to the  within the energy shell okgT near the mobility edge con-
following picture of the in-plane charge transport. Abovetribute to the scattering and the number of the final state is
T*(~ Tk) both o, and ¢ are dominated by spin excita- proportional toT, so that the in-plane resistivity is expected
tions with small momentum and so the WF law holds. On theto be linear inT. The magnetic properties are dominated by
other hand, belowl*, where the spin excitations around a singlet-triplet exchange of bipolarons: Below the character-
g=0 are suppressed, excitations with larger momentum, foistic temperatureT* which coincides withTy, the triplet
example,g~Q, become dominant, which incidentally coin- bipolarons turn into the singlet one, and so the spin degree of
cides with the wave number of the nodes irda_,2-like  freedom is frozen. If singlets are lighter than triplets, this
spin gap> In this case, the present experimental result catmodel can explain also the deviation from thdinear be-
be explained if the process with a large momentum changkavior of the in-plane resistivity below* . However, in this
contributes to the thermal resistancé/%) but not to the scenario the failure of the WF law beloW* cannot be ex-
electrical resistancep(y,). plained because the scattering mechanism itself is not altered
Contrary to this, if the WF law does hold also below at T*. In addition, this model treats the carriers as a nonde-
T*, it indicates that the spin gap has th@meeffect on the generate Bose gas with charge &1d hence predicts that the
thermal and electrical conduction. One possible explanatiohorenz number is 3g/2e)2=1/4L,, which is not favored by
is that the relaxation process depends only upon the frethis study.
guency of the scattering. The superconducting and spin gaps have the same influ-
However,q dependence of scattering process, especiallgnce on the charge transport in the sense that they radically
the connection betweem,, and x(0), is suggested also by change the Lorenz number. However, for the 60-K material,
studies of Zn-substitution effects on charge and spin excitawhereT* does not coincide witf ., the difference between
tion. A recent studf indicates that Zn substitution does not the effects of the superconducting gap and that of the spin
affect the T-dependent part op,, but only increases the gap becomes apparent, appears to show a peak below
T-independent residual resistivity. The NMRefs. 22 and T, while it does not show an appreciable changdat A
40) and neutron scatteriig*? studies of the Zn-substitution surface resistance study by Kitarbal. suggests that, for
effect indicate that the spin gap feature is sensitive to Zrthe 60-K YBa,Cu;0¢4; material also shows a peak below
aroundg=Q, while it is not aroundy=0. T. (Ref. 45 as well asp,, deviates from th& -linear behav-
If the scattering process beloW which contributes only ior belowT*. In both cases, the peaks bel@wfor the 60-K
to the thermal conductivity originates from spin excitationsmaterial are suppressed compared with that for the 90-K ma-
aroundg=Q, Zn substitution, which fills up the spin gap terial. These differences originate probably from the differ-
aroundq=Q, suppresseg, below T* (or T.) further than ences between quasiparticles and normal carriers and/or su-
the estimation taking into account only the elastic scatteringperconducting and spin gaps.
by Zn ions. The above picture is not contradictory to the
present experimental result. In Fig. I3} ¢ T, which is esti- VI. SUMMARY
mated usingp,, and o, for Zn-substituted YBaCu;O-,
taken from Ref. 20 and Ref. 43, respectively, is also shown. We have proposed and examined a tentative approach to
Below T, (~ 80 K) L* o'T exhibits a peak clearly while the determine the electronic contribution to the in-plane thermal
measuredc,;, shows little change &f., suggesting the ex- conductivity of metallic YBgCu307_, using«,, data mea-
istence of some process which contributesA8} but not to  sured on single crystals with various oxygen contents in the
Pab- range 6.06< 7—y < 6.93. The present results suggest that
The mechanism of the charge transport related(0) the WF law does not hold beloW, or the characteristic
appears to be hardly explained within the framework of thetemperaturd™* which is close to the spin gap temperature at
Fermi-liquid picture. Some theorists propose non-Fermi-q=0. DifferentT dependence between thermal and electrical



5660 K. TAKENAKA et al. 56

relaxation indicates that the charge carriers are scatterddishio was crucial for the sufficient characterization of the
dominantly by the spin excitations with small momentum. crystals. This work was partly supported by Grant-in-Aid for
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