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Thermal conductivity of SmBa2Cu3O72d oxidized at 250 bar:
A comparison of the phonon and electron models

T. Plackowski, A. Jez˙owski, Z. Bukowski, C. Sułkowski, and H. Misiorek
Institute of Low Temperature and Structure Research, Polish Academy of Sciences, P.O. Box 937, 50-950 Wrocław 2, Pola

~Received 30 April 1997!

The thermal conductivity~k! of SmBa2Cu3O72d , a high-Tc superconductor~HTSC! with Tc'95 K, was
measured in the temperature range 4–300 K. Two samples were examined, both were oxidized under 1 bar
pressure, and the second one was additionally oxidized under a pressure of 250 bars. The latter sample
exhibited a significant increase ofk ~by ;80% at room temperature! as well as a much higher maximum in
k(T) below Tc ~;50% in comparison to;20% for the nonpressurized sample!. A comparison with data of
electrical resistivity for these samples indicates that the thermal conductivity of HTSC ceramics is not sensitive
to the quality of grain boundaries. The thermal conductivity data for both samples were analyzed within two
competing models explaining the origin of the superconducting maximum: the phonon model introduced by
Tewordt and Wo¨lkhausen and the electronic model proposed by Yu and co-workers. Some arguments in favor
of the electronic model have been given.@S0163-1829~97!05241-7#
i

n
tri
d

hi
th
co

-

lo
el

a
ic
n

ne
f
ba
o

-
77
ha
b

ta

i-

ng
ure
n

on-
ll-

tities

.1

-

I. INTRODUCTION

Measurements of thermal conductivity~k! give a unique
opportunity to study the electronic transport phenomena
high-Tc superconductors~HTSC’s! in the superconducting
state. The thermal conductivity coefficient of these solids
usually divided into phonon (kph) and electronic contribu-
tions (ke), but, as in the case of specific heat, the electro
part of k is often masked by the dominating phonon con
bution. Moreover, the electron-phonon interactions impe
the understanding of thek(T) dependence belowTc . The
origin of the usually observed increase ofk in the supercon-
ducting state still remains a subject of controversy. T
maximum is frequently interpreted as a manifestation of
increasing phonon mean free path due to progressive
densation of charge carriers with cooling.1–4 A new explana-
tion was recently proposed5,6 indicating the electronic contri
bution as being responsible for the maximum ink(T), due to
strong suppression of the quasiparticle scattering rate be
Tc . A discussion of literature data concerning both mod
was presented in Ref. 7.

In a previous paper8 we presented the data of specific he
(Cp), thermopower (S), magnetoresistivity, ac magnet
susceptibility, as well as the results of structural, SEM, a
EDAX analysis for the three 90-K samples of polycrystalli
SmBa2Cu3O72d originating from the same batch. Two o
these samples were processed differently under 250
oxygen pressure. This additional treatment resulted in a c
siderable enhancement of superconducting properties
comparison to the nonprocessed sample~much more pro-
nounced specific heat jump atTc , steeper fall in ac suscep
tibility at Tc , higher fraction of superconducting phase at
K! and in a reversal of the thermopower sign, indicating t
the processed samples became overdoped. Despite the a
the electrical resistivity at room temperature~RT! increased
six times and revealed a semiconductorlike instead of me
like temperature dependence which was observed before
pressure oxidation~see Fig. 1!. The superconducting trans
560163-1829/97/56~17!/11267~6!/$10.00
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tion was observed as a small but sharp drop inr(T) at Tc ,
followed by a long tail, strongly dependent on measuri
current. Theser(T) dependences indicate that the press
oxidation of SmBa2Cu3O72d samples resulted in degradatio
of grain boundaries.

In this work we present the measurements of thermal c
ductivity for the pair of the above-described samples of we

FIG. 1. Temperature dependences of several physical quan
measured for LP and HP samples of SmBa2Cu3O72d presented pre-
viously in Ref. 8. Upper panel: the electrical resistivity,r ~the solid
and dotted lines denote ther measurement with current of 1 and 0
mA, respectively!. Lower panel: the thermopower,S. The inset
shows the behavior of the specific heat,Cp /T, near the supercon
ducting transition.
11 267 © 1997 The American Physical Society
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TABLE I. Basic data concerning the SmBa2Cu3O72d samples. The fourth column contains the oxygen content estimated using valu
S300 and the data from Ref. 22.Tc values are assessed from maximum indr(T)/dT curves. The height of the specific heat jump atTc (DCp)
was estimated using the entropy-conserving construction.

Sample 7-d, measured S300 ~mV/K ! 7-d, assessed fromS300 Tc , ~K! r300 ~mV cm! DCp ~J/mol K!

LP 6.9560.05 16.161 6.81 95.25 2.5 1.6
HP 7.0060.05 21.561 6.98 95.25 15 4.6
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defined similarities and differences. We have analyzed
collected data in terms of both contradicting models be
used in literature to explain the behavior of thermal cond
tivity of high-Tc superconductors: the phonon model~pro-
posed by Tewordt and Wo¨lkhausen1! and electronic mode
~proposed by Yu and co-workers5!. The main aim of this
paper was to find some arguments against or for these m
els.

II. SAMPLES AND EXPERIMENT

For the thermal conductivity measurements we used
of the three SmBa2Cu3O72d samples described in Ref. 8. Th
pellets were prepared by the conventional solid-state re
tion. Then they were heated at 800 °C in flowing oxygen a
bar pressure for 5 h, followed by slow (15 °C/h) cooling
room temperature ~RT!. Such samples were name
LP-SmBa2Cu3O72d . A few pellets of LP-SmBa2Cu3O72d
were additionally annealed in pure oxygen under pressur
250 bars~as measured at 450 °C! in a Morris Research HPS
5015E furnace. They were processed in the following pro
dure: 2 h at 500 °C, 18 h at 450 °C, 20 h at 400 °C, 24 h
350 °C, and then furnace cooled. Such samples were na
HP-SmBa2Cu3O72d ~this is the sample HP2 described in Re
8!.

More details concerning sample preparation procedu
iodometric oxygen content measurements, structural an
sis, SEM observations, and other physical quantities as
are presented in Ref. 8. It was estimated from SEM pictu
that the typical grain size is of the order of 10mm for both
samples. Table I summarizes the most important data. Fi
1 presents the temperature dependences of the quan
which could help in the analysis of the thermal conductiv
data.

The thermal conductivity was measured by a steady-s
method employing a manganin-konstantan thermocouple
a small heater glued to the specimen. The temperature
dient along the sample was typically 0.3–0.4 K. Particu
care was taken to avoid heat transfer between the sample
the environment. The temperature distribution on the mo
radiation shield was maintained close to the thermal grad
on the sample. The maximum experimental systematic e
was below 5%~caused mainly by uncertainty in the samp
geometry!. The samples dimensions varied around 131
38 mm3.

III. RESULTS

The thermal conductivity versus temperature of LP- a
HP-SmBa2Cu3O72d is presented in Fig. 2. In the norma
state a weak temperature dependence was revealed for
investigated samples. The most striking feature is a con
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erable increase ofk for the sample oxygenated under e
evated oxygen pressure~HP!, by almost 80% at RT. A slight
difference in the slope of temperature dependences in
normal state was also observed: by cooling from 300
down to 100 K the thermal conductivity decreased by 4%
the LP, but increased by 8% for the HP sample. Like
most of HTSC compounds, a distinct upturn was noticed
Tc for both samples. However, a wide maximum observed
usual belowTc is much more pronounced for the HP samp
~increase by;50% relative to thek value aboveTc! than for
the LP one (;20%). The temperature of the maximum fo
HP-SmBa2Cu3O72d (Tmax.48 K) is shifted towards lower
temperature by;10 K with respect to the initial LP sampl
(Tmax.58 K). The inset in Fig. 2 shows that at low temper
ture the dependences ofk for the LP and HP samples ap
proach linear-in-T andT2 relations, respectively. This differ
ence may reflect different scattering mechanisms domina
the heat transport in the two samples.

The huge increase ofk due to the pressure oxidation
really surprising since it occurs with simultaneous substan
worsening of electrical properties of grain boundaries. T
was manifested by a six-fold rise of the electrical resistiv
at RT ~see Table I! and conversion of its temperature cha
acteristics into a semiconductorlike one~see upper panel in
Fig. 1!. Therefore, an unexpected conclusion may be form
lated: the thermal conductivity of polycrystalline HTSC
not sensitive to the quality of the grain boundaries and

FIG. 2. Temperature dependences of the thermal conductivit
LP- and HP-SmBa2Cu3O72d samples. The solid line represents th
Wiedemann-Franz estimation of the electronic thermal conducti
(ke) for the LP sample, the respective estimation for HP sampl
a few times smaller. The inset shows the low temperature par
the data in the log-log scale.
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flects rather the internal properties of grains. Similar ins
sitivity to grain boundaries was reported for th
thermopower.9 A small change of thek(T) slope in normal
state due to pressure oxidation suggests a slight decrea
phonon scattering due to enhancement of the intragrain q
ity. This conclusion may be inferred from some similarity
the k(T) curve for the HP sample to that observed for pu
single-crystal HTSC which follows 1/T dependence, charac
teristic for dominating phonon-phonon scattering.2,3

IV. THEORETICAL MODELS

There is still a controversy on the origin of the maximu
in k(T) below Tc .7 The phonon1 and electronic5 mecha-
nisms are under debate. It seems that most authors are
convinced by the first model~see, e.g., Ref. 11!. However,
the second explanation was supported by several res
namely by a sharp rise of the carrier relaxation time bel
Tc inferred from absorption studies using ultrafast lasers12 as
well as by an observation of a rapid increase of the quasi
ticle mean free path belowTc in surface resistance
measurements13 and, more recently, in thermal Hall condu
tivity experiments.14 Moreover, the authors of Refs. 5 and
indicated that the absence of a clear superconduc
anomaly inkc , the thermal conductivity along thec direc-
tion, seems to rule out the phonon explanation.

Despite the sameTc and similar oxygen concentratio
values, the LP and HP samples exhibit a significant diff
ence in the values and temperature dependences of the
thermal conductivity as well as important dissimilarities
electronic properties. Therefore, they seems to be good
didates for testing the phonon and electronic models.
thermopower values locate them~see Table I! on opposite
sides of the 90-K plateau, which is usually observed for 1
compounds on the dependence ofTc vs oxygen content. The
height of the specific heat jump atTc , which, according to
the BCS theory, is a measure of the electronic density
states, is approximately three times higher for the
sample. Doubling of the Hall charge carrier concentrat
(nH) was reported for the Y-123 thin film withd'0 with
respect to that of d'0.2 ~both samples exhibited
Tc'90 K!,15 so similar differences innH could be expected
for our pair of samples. Hence, taking into account the s
nificant differences in electronic properties between b
samples, most of the difference in thermal conductiv
should be rather attributed to changes inke .

On the other hand, the electronic contribution of therm
conductivity for polycrystalline HTSC was estimated b
many authors based on Wiedemann-Franz~WF! law, as not
exceeding 10–15% of the totalk.10 This is why many au-
thors connect the maximum ink(T) with a lattice contribu-
tion. The WF estimation ofke for the LP sample is presente
in Fig. 2 as a solid line, the estimation for the HP sample
considerable smaller. But, our HP sample is an expres
example that the measured electric resistivity of the po
crystalline material may be far away from the genuine int
grain value, which may be inferred from other measureme
by comparison with literature data. Thus, due to the pecu
nonhomogenous nature of this sample, the calculatedke val-
ues may be significantly misestimated.
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V. PHONON MODEL

Hoping to find some conclusive arguments we have a
lyzed thek data of the LP and HP samples using both co
curring models. First, we tried out the phonon model int
duced in the work by Tewordt and Wo¨lkhausen.1 The model
is based on Callaway’s expression for lattice thermal cond
tivity:

kph~T!5
kB

2p2n S kB

\ D 3

T3E
0

QD /T x4ex

~ex21!2 t~x,T!dx,

wheren is the phonon velocity,QD is the Debye tempera
ture, andt is the relaxation time given by

t21~x,T!5B1DpT4x41Ds fT
2x21DdTx1UT3x2

1ETxg~x,y!,

where x5\v/kBT is the reduced phonon energy,y
5D(T)/kBT denotes the reduced superconducting gap. T
symbolsB, Dp , Ds f , Dd , U, and E describe the phonon
scattering by crystal boundaries, point defects, sheet
faults, dislocations, phonons~Umklapp processes!, and elec-
trons, respectively. The Umklapp term was not included
the original TW theory. It was added by several authors2,3 to
delineate the increase ofk with decreasing temperature ob
served for high-quality HTSC samples in the normal sta
The functiong(x,y) was calculated in Ref. 16 and denot
the ratio of the relaxation times of phonons due to scatter
on electrons in the normal and superconducting states.
function g(x,y) drops sharply down for phonons of energ
smaller than 2D. According to the TW theory, this drop i
responsible for the maximum observed in thek(T) depen-
dence in the superconducting state. In our analysis we
glected all effects connected with structural anisotropy, p
ing symmetry~we assumeds pairing!, and electron-phonon
coupling strength~we assumed the ratio 2D/kBT53.52 for
the weak coupling case!, which were considered in Ref. 17
The reason is that these aspects do not result in such q
tative changes ofk(T) shape, which might be recognized
our experiment. Due to the very low value of th
Wiedemann-Franz estimation, the electronic contribut
was also neglected in this analysis.

During the work with the phonon model we have tried o
several different combinations of scattering mechanisms~we
used from three to five fitting parameters!. In each trial, how-
ever, we employed the electron (E) and Umklapp (U) terms
in order to reproduce the maximum in the superconduct
state and follow the slope of thek(T) dependence in norma
state for the HP sample. For all fittings we assumedTc
595.2 K ~as measured for both samples in other expe
ments! andQD'500 K ~as estimated in our previous paper18

from the analysis of the specific heat of SmBa2Cu3O72d in
the temperature range 200–300 K!. Finally, we concluded
that all models with only four parameters~i.e., with four
independent scattering mechanisms, includingE andU! may
be regarded as satisfactory. For some more complica
models it was even impossible to find out the optimal set
parameters values due to the effect of overparametrizat
The exemplary results of the fitting by the phonon mod
comprising the most basic scattering mechanisms are
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11 270 56T. PLACKOWSKI et al.
sented in Fig. 3. The obtained optimal sets of parameters
presented in the upper part of Table II.

Before discussing the results of fitting some rema
about the fitting procedure would be in place. In the case
Callaway’s expression the fitting is particularly inconvenie
since the errors of the fitting parameters are strongly co
lated~we found correlation coefficients between pairs of p
rameters errors to be up to the value ofur u50.97!. Moreover
the topology of the multidimentional surface on which w
are looking for the minimum~i.e., the sum of square devia
tions as function of parameters! is rather complicated—it in-
cludes saddle points and local minima. Therefore, we h
put particular care on the error analysis and two types
errors have been calculated~see Table II!. The smaller errors
~‘‘ d’’ ! denote the confidence intervals for one parameter w

FIG. 3. A fit of the thermal conductivity for LP and HP sampl
by the phonon model of Tewordt and Wo¨lkhausen~Ref. 1!. The
solid lines represent a model for lattice thermal conductivity inclu
ing phonon scattering by boundaries, point defects, phonons~Um-
klapp processes!, and electrons. The fitting parameters are shown
Table II. In this model the maximum ink(T) is due to the rapid
decrease of the phonon scattering on electrons belowTc .
re

s
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,
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e
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h

the other parameters being of optimal values. The larger
rors ~‘‘ D,’’ given in the parenthesis! denote the extensions o
the full confidence ellipsoid for all parameters@which are
proportional to (Cii )

1/2, whereCii are the diagonal element
of the inverse Hessian matrix#. This method takes into ac
count all correlations between the parameter errors. Ifd is
higher than the parameter value then the respective term
be rejected from the model—e.g., this is the case for theDs f
term, which does not increase the goodness of the fit if ad
to the phonon model described in Table II. If theD is higher
than the parameter value, then the physics of the model is
ruled out, it means only that precise values of the parame
cannot be obtained from such an experiment. However, f
pair of closely related LP and HP samples the obser
trends of parameter changes may be regarded as reliable
both samples the estimatedE parameters are the same~even
within d accuracy!. Therefore, in the framework of the pho
non model the increase of the height of the superconduc
maximum as well as the increase ofk in the normal state due
to pressure oxidation could be regarded just as a result o
removal of most structural imperfections~seeB andDp pa-
rameters!. However, in our opinion, this conclusion coul
hardly be reconciled with the observed strong increase of
electrical resistivity.

VI. ELECTRONIC MODEL

The electronic model used here was constructed a
Refs. 5 and 6. However, as in the case of the phonon mo
and for the same reason, we neglected the corrections du
the pairing symmetry and the strength of electron-phon
coupling. Therefore, to calculate the electronic thermal c
ductivity we applied the original isotropic formula from th
work of Kadanoff and Martin:19

ke5
1

T

1

kBT

ne

2me
E

0

`

e2sech2S E

2kBTDG~T!21de,

where ne is the electron concentration,me is the electron
mass,e is the electron energy,E5(e21D2)1/2. The quasi-
particle scattering rateG is assumed to be energy indepe

-

n

e
ve
f
of the
TABLE II. The fitting parameters for the phonon and electronic models. The symbolsB, Dp , U, andE
denote the phonon scattering by crystal boundaries, point defects, phonons~Umklapp processes!, and elec-
trons, respectively;KM denotes the electron contribution tok. The terms withE and KM parameters are
responsible for the superconducting maximum ink(T) within the framework of the respective model. Th
fitted curves are presented in Figs. 3 and 4. The errors~d! denote the confidence region for respecti
parameter with other parameters being of optimal values. The errors in parenthesis~D! denote the range o
the projection of the full confidence ellipsoid in the four-dimensional parameter space on the direction
respective parameter.

Sample name Fitted parameters6 d (6D)

Phonon model
B (31026) Dp U (31022) E (31023)

LP 6569 (640) 3.960.2 (61.4) 1.961.0 (64) 2.360.4 (62)
HP 2265 (620) 1.360.1 (61) 4.361.0 (66) 2.260.5 (62)

Electronic model
B (31026) Dp U (31022) KM (31023)

LP 1462 (610) 15.460.7 (66) 0.760.6 (61.6) 0.860.1 (60.3)
HP 0.960.3 (64) 2162 (633) 1.760.4 (63) 3.560.2 (61.2)
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dent and composed of two parts. The first one origina
from the inelastic scattering on phonons and for usual me
at low temperature it is proportional toT3. For simplicity we
neglected here the second term, the residual scattering
due to impurities~temperature independent!.

The physical reason for the superconducting maximum
k(T) within this model is the steep increase of mean f
path of the noncondensed charge carriers belowTc . This
increase is high enough to override the effect of the dim
ishing number of entropy carrying carriers due to progress
superconducting condensation. The phenomenological m
els from Refs. 5 and 6 assumed that in the superconduc
state the inelastic scattering rate follows a power la
;(T/Tc)

n, with 3,n,5, depending on the pairing symme
try and the strength of electron-phonon coupling. In the R
13 and 14 the steep fall ofG just below Tc was observed
experimentally. In this work we simply assumed that in t
superconducting stateG;(T/Tc)

4, however a change of th
exponentn within borders estimated in Refs. 13 and 1
would not change qualitatively our results.

The transport properties of HTSC’s in the normal state
unusual and not explained yet. However, one of the m
universal observed features of high-Tc superconductors, the
T22 dependence of the charge carrier mobility20 ~valid for
both over- and underdoped materials!, prompted us to as
sumeG;T2. We also have taken into account the tempe
ture dependence of charge carrier concentration for opti
doped HTSC,ne;T.20 Thus, the resultingke is temperature
independent in a normal state, as in Ref. 6, wherene
'const and, based on the WF law andT-linear resistivity
dependence,G;T were assumed.

To describe the total thermal conductivity we assum
that it is a sum of electronic and phonon contributions. T
electronic term was expressed asKM* ke , whereKM is a
fitting parameter andKM;ne /G0 , G0 is the temperature
independent part of the scattering rate~i.e., it is the electron-
phonon interaction!, andke denotes here the temperature d
pendent part of the Kadanoff-Martin expression. The phon
term was described by Callaway’s formula for phonon sc
tering on boundaries (B), point defects (Dp), and other
phonons (U). The errors of the fitting parameters were an
lyzed as for the phonon model. The fitting results are p
sented in the bottom of Table II and in Fig. 4. It may
noticed that within the framework of the electronic model t
increase of the height of the superconducting maximum
well as the increase ofk in the normal state due to pressu
oxidation should be regarded as a result of the signific
increase of the electronic contribution~it also means that the
WF law could not be applied at least for the HP sample!. The
phonon part ofk remained almost the same~see dashed line
in Fig. 4!, whereas a four-fold increase of theKM parameter
is evident~even in terms ofD errors!. The change of theKM
may be attributed to the decrease ofG0 or the increase ofne .
The second explanation seems to be more convincing, s
a strong increase of Hall carrier concentration due to
increase of oxygen content was indeed reported for 1
compounds~e.g., Ref. 15!. Moreover, significant changes i
other electronic properties~especially the correlation ofke
and DCp values—see the inset in Fig. 4! also support this
interpretation.
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VII. CONCLUSIONS

Few pellets of commonly oxidized SmBa2Cu3O72d ~LP!
were additionally treated under an elevated oxygen pres
of 250 bars~HP!. Pressure oxidation resulted in drama
worsening of grain boundary quality, as observed by a m
tiple increase of electrical resistivity. Despite that, the H
sample exhibited a significant increase of the measured t
mal conductivity~by ;80% at RT! as well as a much more
pronounced maximum ink(T) below Tc . The unexpected
conclusion was inferred that thermal conductivity of ceram
HTSC is not sensitive to the grain boundary quality.

The LP and HP samples are very similar in some asp
~the same batch in chemical synthesis, similar microstr
ture, the sameTc!, but significantly different in other aspect
~opposite signs of thermopower, i.e., different doping le
of CuO2 planes, different heights ofDCp!. Therefore we
analyzed the thermal conductivity results for this pair
well-defined samples within the two models still concurri
for the explanation of the maximum ink(T) in the supercon-
ducting state. It appeared that both models, the phonon1 one
and the electronic5 one, may be satisfactorily fitted to th
results for both samples. However, a careful error analysi
fitting procedures revealed high error correlations caused
numerical properties of the models. Therefore, the fitting
rameters which are not responsible for the superconduc
maximum inke(T) ~i.e., phonon scattering rates due to va
ous defects and Umklapp processes! could be estimated with

FIG. 4. A fit of the thermal conductivity for LP and HP sample
by the electronic model of Yu and co-workers~Ref. 5!. Solid lines
represent a model composed of two contributions: electronic t
~with inelastic electron scattering! and lattice term~taking into ac-
count the phonon scattering on: boundaries, point defects,
phonons!. The dashed lines present the lattice term only. The fitt
parameters are shown in Table II. The inset shows a correla
between the electronic part ofk and the jump of specific heat atTc .
In this model the maximum ink(T) is due to a rapid decrease o
electron scattering belowTc .
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11 272 56T. PLACKOWSKI et al.
only very limited accuracy. Nevertheless, we concluded th
in the framework of the phonon model, the changes ink(T)
due to pressure oxidation should be attributed rather to
removal of structural defects, and not to the increase
phonon-electron interactions. In the framework of the el
tronic model the changes ink(T) seem to be connected wit
an ;fourfold increase of theke contribution for the HP
sample with respect to that for the LP sample. This incre
may be easily interpreted just as a result of the increas
charge carrier concentration.

The estimation of the validity of the two models is n
obvious, but in our opinion the electronic model seems m
reliable. First of all, it seems unlikely that the treatment
relatively low temperature~up to 500 °C! could result in
such a significant removal of structural imperfections, w
was inferred from the analysis within phonon model. T
observed worsening of grain boundaries supports this do
On the other hand, the increase ofne , necessary to explain
changes in thek(T) curve due to pressure oxidation, wa
actually observed in Hall effect measurements for 1
compounds.15 Moreover, all main differences between L
and HP samples are of electronic origin~change of ther-
e
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3

mopower sign,;threefold increase ofDCp at Tc!, hence the
electronic explanation of the differences in the thermal c
ductivity seems to complete the physical picture. It is no
worthy that the rise ofDCp agrees well with the increase o
ke . It agrees well with the observation of Cohn,21 who indi-
cated the correlation between heights of superconduc
anomalies in thermal conductivity and specific heat. Thus
the framework of the electronic model, it may be suppos
that changes in the height of the superconducting maxim
in k(T) curves ~or, equivalently, inke! observed for 123
compounds have the same physical origin as strong cha
observed for other quantities: in the normal state,S ~Refs. 22
and 23!, ne ~Ref. 15! and in the superconducting state,DCp
~Refs. 23 and 24! and critical currents,Jc ~Ref. 15!.
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