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Thermal conductivity of SmBa,Cu;0,_; oxidized at 250 bar:
A comparison of the phonon and electron models
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The thermal conductivityfx) of SmBgCu;0;_5, a highT, superconductofHTSC) with T,~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 &f(by ~80% at room temperatur@s well as a much higher maximum in
x(T) belowT, (~50% in comparison te-20% for the nonpressurized sampl& 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 Wikhausen and the electronic model proposed by Yu and co-workers. Some arguments in favor
of the electronic model have been giv¢80163-18207)05241-7

I. INTRODUCTION tion was observed as a small but sharp drop(m) at T,
followed by a long tail, strongly dependent on measuring
Measurements of thermal conductivity) give a unique current. These(T) dependences indicate that the pressure
opportunity to study the electronic transport phenomena ipxidation of SmBaCu;0;_ s samples resulted in degradation
high-T, superconductor§HTSC's) in the superconducting ©f grain boundaries.
state. The thermal conductivity coefficient of these solids is In this work we present the measurements of thermal con-
usually divided into phonon«(,) and electronic contribu- ductivity for the pair of the above-described samples of well-
tions (k¢), but, as in the case of specific heat, the electronic
part of x is often masked by the dominating phonon contri- 50
bution. Moreover, the electron-phonon interactions impede
the understanding of the(T) dependence belowW.. The
origin of the usually observed increasein the supercon-
ducting state still remains a subject of controversy. This
maximum is frequently interpreted as a manifestation of the
increasing phonon mean free path due to progressive con-
densation of charge carriers with coolitif.A new explana-
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tion was recently proposedindicating the electronic contri- 0

bution as being responsible for the maximumkifT), due to 10 [ ‘ ’ ‘ ’ ’ =
strong suppression of the quasiparticle scattering rate below gL c,Tia/mak |
T.. A discussion of literature data concerning both models ‘155 : ; LP

was presented in Ref. 7. 6 WP

In a previous papéme presented the data of specific heat
(Cp), thermopower §), magnetoresistivity, ac magnetic
susceptibility, as well as the results of structural, SEM, and
EDAX analysis for the three 90-K samples of polycrystalline
SmBgCu;0;_s originating from the same batch. Two of
these samples were processed differently under 250 bars -2}
oxygen pressure. This additional treatment resulted in a con- 0 50 100 150 200 250 300
siderable enhancement of superconducting properties in T K]
comparison to the nonprocessed samfeich more pro-
nounced specific heat jump &t, steeper fall in ac suscep-

tibility at T, higher fraction of superconducting phase at 77 £, 1. Temperature dependences of several physical quantities
K) and in a reversal of the thermopower sign, indicating thatneasured for LP and HP samples of SHB&0,_; presented pre-

the processed samples became overdoped. Despite the aboyigusly in Ref. 8. Upper panel: the electrical resistivipythe solid

the electrical resistivity at room temperatufeT) increased and dotted lines denote themeasurement with current of 1 and 0.1
six times and revealed a semiconductorlike instead of metaimA, respectively. Lower panel: the thermopowe8. The inset

like temperature dependence which was observed before tlsows the behavior of the specific he@t,/T, near the supercon-
pressure oxidatiofisee Fig. 1. The superconducting transi- ducting transition.
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TABLE I. Basic data concerning the Sma,0,_ s samples. The fourth column contains the oxygen content estimated using values of
Sspoand the data from Ref. 27 values are assessed from maximundir{T)/dT curves. The height of the specific heat jum@a(AC,)
was estimated using the entropy-conserving construction.

Sample 76, measured Sz00 (VIK) 7-6, assessed frorBy, T., (K) P300 (MO cm) AC, (J/mol K)
LP 6.95+0.05 +6.1+1 6.81 95.25 25 16
HP 7.00-0.05 —-1.5+1 6.98 95.25 15 4.6

defined similarities and differences. We have analyzed therable increase ok for the sample oxygenated under el-
collected data in terms of both contradicting models beingevated oxygen pressu(elP), by almost 80% at RT. A slight
used in literature to explain the behavior of thermal conducdifference in the slope of temperature dependences in the
tivity of high-T. superconductors: the phonon modpto- normal state was also observed: by cooling from 300 K
posed by Tewordt and Wihauser) and electronic model down to 100 K the thermal conductivity decreased by 4% for
(proposed by Yu and co-workéjs The main aim of this the LP, but increased by 8% for the HP sample. Like for
paper was to find some arguments against or for these modrost of HTSC compounds, a distinct upturn was noticed at
els. T, for both samples. However, a wide maximum observed as

usual belowT; is much more pronounced for the HP sample

Il. SAMPLES AND EXPERIMENT (increase by-50% relative to thec value abovel) than for

the LP one ¢20%). The temperature of the maximum for

For the thermal conductivity measurements we used tWiHP-SmBaCuz0;_ 5 (Tac=48 K) is shifted towards lower
of the three SmB# u;0;_ s samples described in Ref. 8. The temperature by-10 K with respect to the initial LP sample
pellets were prepared by the conventional solid-state rea¢T ,,,~58 K). The inset in Fig. 2 shows that at low tempera-
tion. Then they were heated at 800 °C in flowing oxygen at Iture the dependences affor the LP and HP samples ap-
bar pressure for 5 h, followed by slow (15 °C/h) cooling to proach linear-inF andT? relations, respectively. This differ-
room temperature (RT). Such samples were named ence may reflect different scattering mechanisms dominating
LP-SmB3Cw0O;_5. A few pellets of LP-SmBzCu;0,_s  the heat transport in the two samples.
were additionally annealed in pure oxygen under pressure of The huge increase of due to the pressure oxidation is
250 bargas measured at 450 Y@ a Morris Research HPS- really surprising since it occurs with simultaneous substantial
5015E furnace. They were processed in the following proceworsening of electrical properties of grain boundaries. This
dure 2 h at 500 °C, 18 h at 450 °C, 20 h at 400 °C, 24 h atwas manifested by a six-fold rise of the electrical resistivity
350 °C, and then furnace cooled. Such samples were named RT (see Table )l and conversion of its temperature char-
HP-SmB3Cu0;_ s (this is the sample HP2 described in Ref. acteristics into a semiconductorlike ofeee upper panel in
8). Fig. 1). Therefore, an unexpected conclusion may be formu-

More details concerning sample preparation proceduresated: the thermal conductivity of polycrystalline HTSC is
iodometric oxygen content measurements, structural analyrot sensitive to the quality of the grain boundaries and re-
sis, SEM observations, and other physical quantities as well 7
are presented in Ref. 8. It was estimated from SEM pictures ' ' TR T e
that the typical grain size is of the order of 1®n for both 8l ) 5 S HP
samples. Table | summarizes the most important data. Figure
1 presents the temperature dependences of the quantities
which could help in the analysis of the thermal conductivity 6
data.

The thermal conductivity was measured by a steady-state §
method employing a manganin-konstantan thermocouple and g
a small heater glued to the specimen. The temperature gra-  «
dient along the sample was typically 0.3—-0.4 K. Particular
care was taken to avoid heat transfer between the sample and
the environment. The temperature distribution on the monel
radiation shield was maintained close to the thermal gradient

on the sample. The maximum experimental systematic error k" forLlP
i H H I ) T T .
was below 5%(caused mainly by uncertainty in the sample 0 0 o e e e oo
geometry. The samples dimensions varied around 11
X 8 mn. TIK]
IIl. RESULTS FIG. 2. Temperature dependences of the thermal conductivity of

LP- and HP-SmB#Zu;0;_ s samples. The solid line represents the
The thermal conductivity versus temperature of LP- andyiedemann-Franz estimation of the electronic thermal conductivity
HP-SmBaCu;0;_ is presented in Fig. 2. In the normal () for the LP sample, the respective estimation for HP sample is
state a weak temperature dependence was revealed for baflfew times smaller. The inset shows the low temperature part of
investigated samples. The most striking feature is a considhe data in the log-log scale.
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flects rather the internal properties of grains. Similar insen- V. PHONON MODEL
sitivity to grain boundaries was reported for the

thermopowef. A small chgngg of thex(T) slopg in normal lyzed thex data of the LP and HP samples using both con-
state due to pressure oxidation suggests a slight decrease rring models. First, we tried out the phonon model intro-

phonon scattering due to enhancement of the intragrain qualy,ced in the work by Tewordt and Wehausert The model

ity. This conclusion may be inferred from some similarity of s hased on Callaway’s expression for lattice thermal conduc-
the «(T) curve for the HP sample to that observed for purejyity:

single-crystal HTSC which follows T/dependence, charac-
teristic for dominating phonon-phonon scatteriri. Kg (kB>3 3J'G)D/T xAex

Hoping to find some conclusive arguments we have ana-

Kph(T):m 7 o mT(X,T)dX,

IV. THEORETICAL MODELS where v is the phonon velocityP is the Debye tempera-

There is still a controversy on the origin of the maximumture’ andris the relaxation time given by

in x(T) below T..” The phonoh and electronit mecha- 1 B 4.4 > 2 32
nisms are under debate. It seems that most authors are stil 7 % T) =B+ DpT Xt DT D TX+UTX
convinced by the first moddkee, e.g., Ref. 21 However, +ETxXgX,Y),
the second explanation was supported by several results,
namely by a sharp rise of the carrier relaxation time belowwhere x=Aw/kgT is the reduced phonon energy
T. inferred from absorption studies using ultrafast la%eas ~ =A(T)/kgT denotes the reduced superconducting gap. The
well as by an observation of a rapid increase of the quasipasymbolsB, D,, Ds¢, Dy, U, andE describe the phonon
ticle mean free path belowl, in surface resistance scattering by crystal boundaries, point defects, sheetlike
measurementdand, more recently, in thermal Hall conduc- faults, dislocations, phonori&/mklapp processgsand elec-
tivity experimentst* Moreover, the authors of Refs. 5 and 6 trons, respectively. The Umklapp term was not included in
indicated that the absence of a clear superconductinthe original TW theory. It was added by several autfdte
anomaly ink., the thermal conductivity along the direc-  delineate the increase afwith decreasing temperature ob-
tion, seems to rule out the phonon explanation. served for high-quality HTSC samples in the normal state.

Despite the samd . and similar oxygen concentration The functiong(x,y) was calculated in Ref. 16 and denotes
values, the LP and HP samples exhibit a significant differthe ratio of the relaxation times of phonons due to scattering
ence in the values and temperature dependences of the total electrons in the normal and superconducting states. The
thermal conductivity as well as important dissimilarities in function g(x,y) drops sharply down for phonons of energy
electronic properties. Therefore, they seems to be good casmaller than A. According to the TW theory, this drop is
didates for testing the phonon and electronic models. Theesponsible for the maximum observed in th€T) depen-
thermopower values locate thetgee Table )l on opposite dence in the superconducting state. In our analysis we ne-
sides of the 90-K plateau, which is usually observed for 123jlected all effects connected with structural anisotropy, pair-
compounds on the dependencelgfvs oxygen content. The ing symmetry(we assumed pairing), and electron-phonon
height of the specific heat jump at., which, according to coupling strengtiwe assumed the ratioAkgT=3.52 for
the BCS theory, is a measure of the electronic density ofhe weak coupling cagewhich were considered in Ref. 17.
states, is approximately three times higher for the HPThe reason is that these aspects do not result in such quali-
sample. Doubling of the Hall charge carrier concentratiortative changes ok(T) shape, which might be recognized in
(ny) was reported for the Y-123 thin film with~0 with  our experiment. Due to the very low value of the
respect to that of §~0.2 (both samples exhibited Wiedemann-Franz estimation, the electronic contribution
T.~90 K),'® so similar differences im,, could be expected was also neglected in this analysis.
for our pair of samples. Hence, taking into account the sig- During the work with the phonon model we have tried out
nificant differences in electronic properties between botlseveral different combinations of scattering mechanignres
samples, most of the difference in thermal conductivityused from three to five fitting parameteri each trial, how-
should be rather attributed to changes«<in ever, we employed the electrok) and Umklapp U) terms

On the other hand, the electronic contribution of thermalin order to reproduce the maximum in the superconducting
conductivity for polycrystalline HTSC was estimated by state and follow the slope of thg(T) dependence in normal
many authors based on Wiedemann-FrAnF) law, as not  state for the HP sample. For all fittings we assunied
exceeding 10-15% of the total'® This is why many au- =95.2 K (as measured for both samples in other experi-
thors connect the maximum i(T) with a lattice contribu- ment$ and®~500 K (as estimated in our previous paffer
tion. The WF estimation ok, for the LP sample is presented from the analysis of the specific heat of SmBe0,_5 in
in Fig. 2 as a solid line, the estimation for the HP samples ishe temperature range 200-300. Kinally, we concluded
considerable smaller. But, our HP sample is an expressivéhat all models with only four parametefse., with four
example that the measured electric resistivity of the polyindependent scattering mechanisms, includingndU) may
crystalline material may be far away from the genuine intra-be regarded as satisfactory. For some more complicated
grain value, which may be inferred from other measurementsodels it was even impossible to find out the optimal set of
by comparison with literature data. Thus, due to the peculiarparameters values due to the effect of overparametrization.
nonhomogenous nature of this sample, the calculatechl-  The exemplary results of the fitting by the phonon model
ues may be significantly misestimated. comprising the most basic scattering mechanisms are pre-
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8 ] the other parameters being of optimal values. The larger er-
rors(* A,” given in the parenthesjsdenote the extensions of
the full confidence ellipsoid for all parametenwhich are
. proportional to C;;)*? whereC'! are the diagonal elements
HP of the inverse Hessian mattixThis method takes into ac-
R ] count all correlations between the parameter errors i
4 higher than the parameter value then the respective term may
be rejected from the model—e.g., this is the case folthe
I term, which does not increase the goodness of the fit if added
_ to the phonon model described in Table Il. If thas higher
than the parameter value, then the physics of the model is not
ruled out, it means only that precise values of the parameters
cannot be obtained from such an experiment. However, for a
P SR SIS B BN B pair of closely related LP and HP samples the observed
0 S0 100 15 200 250 300 trends of parameter changes may be regarded as reliable. For
TIK] both samples the estimat&parameters are the sarf@en
within & accuracy. Therefore, in the framework of the pho-
non model the increase of the height of the superconducting
FIG. 3. A fit of the thermal conductivity for LP and HP samples maximum as well as the increaseoin the normal state due
by the phonon model of Tewordt and Wbausen(Ref. . The  to pressure oxidation could be regarded just as a result of the
solid lines represent a model for lattice thermal conductivity includ-removal of most structural imperfectioseeB and D, pa-
ing phonon scattering by boundaries, point defects, phofidms  ameters However, in our opinion, this conclusion could

klapp processgsand electrons. The fitting parameters are shown inparqly he reconciled with the observed strong increase of the
Table II. In this model the maximum i&(T) is due to the rapid electrical resistivity.

decrease of the phonon scattering on electrons b&low

A . . VI. ELECTRONIC MODEL
sented in Fig. 3. The obtained optimal sets of parameters are

presented in the upper part of Table II. The electronic model used here was constructed after
Before discussing the results of fitting some remarksRefs. 5 and 6. However, as in the case of the phonon model
about the fitting procedure would be in place. In the case ofnd for the same reason, we neglected the corrections due to
Callaway’s expression the fitting is particularly inconvenient,the pairing symmetry and the strength of electron-phonon
since the errors of the fitting parameters are strongly correeoupling. Therefore, to calculate the electronic thermal con-
lated (we found correlation coefficients between pairs of pa-ductivity we applied the original isotropic formula from the
rameters errors to be up to the valugdf=0.97). Moreover  work of Kadanoff and Martirt?
the topology of the multidimentional surface on which we
are looking for the minimunti.e., the sum of square devia- 11 ne (=, R
tions as function of parametens rather complicated—it in- Ke=T kB_T 2me fo €Sec
cludes saddle points and local minima. Therefore, we have
put particular care on the error analysis and two types ofvheren, is the electron concentratiom, is the electron
errors have been calculatésee Table Ii. The smaller errors  mass,e is the electron energyE = (e?+A?)¥2. The quasi-
(* &) denote the confidence intervals for one parameter witlparticle scattering rat€ is assumed to be energy indepen-

E r(m
2kgT (T)""de,

TABLE II. The fitting parameters for the phonon and electronic models. The syréydls,, U, andE
denote the phonon scattering by crystal boundaries, point defects, ph@sokéapp processe¢sand elec-
trons, respectivelyKM denotes the electron contribution k0 The terms withE and KM parameters are
responsible for the superconducting maximumki{T) within the framework of the respective model. The
fitted curves are presented in Figs. 3 and 4. The ertdrsdenote the confidence region for respective
parameter with other parameters being of optimal values. The errors in parerithledenote the range of
the projection of the full confidence ellipsoid in the four-dimensional parameter space on the direction of the
respective parameter.

Sample name Fitted parameterss (*+A)
Phonon model
B (x1075) D, U (X103 E (x1079)
LP 65+9 (+40) 3.9+0.2 (£1.4) 1.9:1.0 (x4) 2.3+0.4 (*2)
HP 22+5 (+20) 1.3:0.1 (1) 4.3+1.0 (¥6) 2.2+0.5 (+2)
Electronic model
B (x10°5) D, U (X102 KM (x10°3)

LP 14+2 (+10) 15.4-0.7 (+6) 0.7£0.6 (=1.6) 0.8:0.1 (*0.3)
HP 0.9:0.3 (+4) 21+2 (£33) 17404 (+3) 35+0.2 (+1.2)
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dent and composed of two parts. The first one originates
from the inelastic scattering on phonons and for usual metals
at low temperature it is proportional ©. For simplicity we
neglected here the second term, the residual scattering rate
due to impuritiestemperature independent _
The physical reason for the superconducting maximum in e E
x(T) within this model is the steep increase of mean free 81 % r
path of the noncondensed charge carriers below This 2 )
increase is high enough to override the effect of the dimin-
ishing number of entropy carrying carriers due to progressive 61
superconducting condensation. The phenomenological mod-
els from Refs. 5 and 6 assumed that in the superconducting %
state the inelastic scattering rate follows a power law, g 4r
~(TIT)", with 3<n<5, depending on the pairing symme- z
try and the strength of electron-phonon coupling. In the Refs.
13 and 14 the steep fall df just belowT. was observed 2
experimentally. In this work we simply assumed that in the
superconducting stafé~ (T/T.)*, however a change of the

o
®

[

P
N
C_/T [J/molK?]

1.80

..... _ SmforHP LP |

exponentn within borders estimated in Refs. 13 and 14 o oo
would not change qualitatively our results. 6 50 100 150 200 250 300
The transport properties of HTSC's in the normal state are TIK]

unusual and not explained yet. However, one of the most

universal observed features of higl-superconductors, the FIG. 4. A fit of the thermal conductivity for LP and HP samples
T2 dependence of the charge carrier mobffityvalid for by the electronic model of Yu and co-workeiRef. 5. Solid lines
both over- and underdoped materjalprompted us to as- represent a model composed of two contributions: electronic term
sumel’ ~T2. We also have taken into account the tempera(with inelastic electron scatteripngnd lattice term(taking into ac-
ture dependence of charge carrier concentration for optimalount the phonon scattering on: boundaries, point defects, and
doped HTSCn~T.%° Thus, the resulting, is temperature phonon$. The dashed lines present the lattice term only. The fitting
independent in a normal state, as in Ref. 6, whage parameters are shown in Table Il. The inset shows a correlation

~const and, based on the WF law afidinear resistivity betw_een the electronic_ part a_fand thejump of spec_ific heat &t .
dependence ~T were assumed. In this model th_e maximum i (T) is due to a rapid decrease of
To describe the total thermal conductivity we assumeoEkECtron scattering below .
that it is a sum of electronic and phonon contributions. The
electronic term was expressed WM =* k., whereKM is a
fitting parameter ankKM ~n./T', I’y is the temperature Few pellets of commonly oxidized SmEau;0;_5 (LP)
independent part of the scattering réte., it is the electron- were additionally treated under an elevated oxygen pressure
phonon interaction and k. denotes here the temperature de-of 250 bars(HP). Pressure oxidation resulted in dramatic
pendent part of the Kadanoff-Martin expression. The phonomvorsening of grain boundary quality, as observed by a mul-
term was described by Callaway’s formula for phonon scattiple increase of electrical resistivity. Despite that, the HP
tering on boundariesH), point defects P,), and other sample exhibited a significant increase of the measured ther-
phonons U). The errors of the fitting parameters were ana-mal conductivity(by ~80% at RT as well as a much more
lyzed as for the phonon model. The fitting results are prepronounced maximum i&(T) below T.. The unexpected
sented in the bottom of Table Il and in Fig. 4. It may be conclusion was inferred that thermal conductivity of ceramic
noticed that within the framework of the electronic model theHTSC is not sensitive to the grain boundary quality.
increase of the height of the superconducting maximum as The LP and HP samples are very similar in some aspects
well as the increase of in the normal state due to pressure (the same batch in chemical synthesis, similar microstruc-
oxidation should be regarded as a result of the significanture, the samd ), but significantly different in other aspects
increase of the electronic contributigih also means that the (opposite signs of thermopower, i.e., different doping level
WF law could not be applied at least for the HP sampléie  of CuQ, planes, different heights oAC). Therefore we
phonon part ok remained almost the sanigee dashed lines analyzed the thermal conductivity results for this pair of
in Fig. 4), whereas a four-fold increase of thkeM parameter well-defined samples within the two models still concurring
is evident(even in terms ofA errorg. The change of th&KM for the explanation of the maximum k(T) in the supercon-
may be attributed to the decreasdgfor the increase df. ducting state. It appeared that both models, the phbona
The second explanation seems to be more convincing, sin@nd the electrontcone, may be satisfactorily fitted to the
a strong increase of Hall carrier concentration due to theesults for both samples. However, a careful error analysis of
increase of oxygen content was indeed reported for 123fitting procedures revealed high error correlations caused by
compoundge.g., Ref. 15 Moreover, significant changes in numerical properties of the models. Therefore, the fitting pa-
other electronic propertieespecially the correlation of, ~ rameters which are not responsible for the superconducting
and AC, values—see the inset in Fig) 4lso support this maximum ink¢(T) (i.e., phonon scattering rates due to vari-
interpretation. ous defects and Umklapp processesuld be estimated with

VII. CONCLUSIONS
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only very limited accuracy. Nevertheless, we concluded thatmopower sign,~threefold increase Ak C, atT,), hence the
in the framework of the phonon model, the changeg (i)  electronic explanation of the differences in the thermal con-
due to pressure oxidation should be attributed rather to thguctivity seems to complete the physical picture. It is note-
removal of structural defects, and not to the increase ofvorthy that the rise oA C,, agrees well with the increase of
phonon-electron interactions. In the framework of the elec, . It agrees well with the observation of Cofinwho indi-
tronic model the changes ia(T) seem to be connected with cated the correlation between heights of superconducting
an ~fourfold increase of thex. contribution for the HP  anomalies in thermal conductivity and specific heat. Thus, in
sample with respect to that for the LP sample. This increas¢he framework of the electronic model, it may be supposed
may be easily interpreted just as a result of the increase ithat changes in the height of the superconducting maximum
charge carrier concentration. in x(T) curves(or, equivalently, ink,) observed for 123
The estimation of the validity of the two models is not compounds have the same physical origin as strong changes
obvious, but in our opinion the electronic model seems morgpserved for other quantities: in the normal st&éRefs. 22
reliable. First of all, it seems unlikely that the treatment atand 23, n, (Ref. 15 and in the superconducting stateC,,

relatively low temperaturgup to 500 °Q could result in (Refs. 23 and 24and critical currents), (Ref. 15.
such a significant removal of structural imperfections, what

was inferred from the analysis within phonon model. The

observed worsening of grain boundaries supports this doubt.
On the other hand, the increasemyf, necessary to explain The pressure furnace used for sample oxygenation was
changes in thec(T) curve due to pressure oxidation, was granted by the Foundation for Polish Sciences under Con-
actually observed in Hall effect measurements for 123ract SEZAM No. 99/94. The work was also supported by

compounds® Moreover, all main differences between LP the Polish State Committee for Scientific Research within

and HP samples are of electronic origichange of ther- Grant No. 2P 03B 096 11.

ACKNOWLEDGMENTS

L. Tewordt and Th. Wikhausen, Solid State Commur0, 839  2J. M. Chwalek, C. Uher, J. F. Whitaker, G. A. Mouru, J. Agosti-

(1989. nelli, and M. Leletal, Appl. Phys. Let67, 1696(1990.
2S. D. Peacor, R. A. Richardson, F. Nori, and C. Uher, Phys. Revi3D. A. Bonn, P. Dosanjh, R. Liang, and W. N. Hardy, Phys. Rev.
, B 44, 9508(1991). Lett. 68, 2390(1992.
B. M. Andersson and B. Sundqvist, Phys. Rev.4B, 3575 14K  Krishana, J. M. Harris, and N. P. Ong, Phys. Rev. L&§,
, (1993: ' 3529(1995.
S. T. Ting, P. Pernambuco-Wise, and J. E. Crow, Phys. Rev. BSg ¢ jones, D. K. Christen, J. R. Thompson, R. Feenstra, S. Zhu,
50, 6375(1994. D. H. Lowndes, J. M. Phillips, M. P. Siegal, and J. D. Budai,

5R. C. Yu, M. B. Salamon, Jian Ping Lu, and W. C. Lee, Phys. Phys. Rev. B47, 8986(1993.

. Rev. Lett.69, 1431(?993' ) _ 163, Bardeen, G. Rickayzen, and L. Tewordt, Phys. R&® 982
M. Matsukawa, T. Mizukoshi, K. Noto, and Y. Shiohara, Phys.

(1959.
Rev. B53, R6034(1996. 17 y .
) ) L. T Th. Wikh , Sol , 51
7C. Uher, Y. Liu, and J. Whitaker, J. Supercofid.323 (1994. (19¢;v(\;ordt and tkhausen, Solid State Commuii5, 515

87. Bukowski, T. Plackowski, C. Sutkowski, D. Wiosewicz, and
A. J. Zaleski, Phys. Rev. B3, 2781(1996. )

9A. Carrington and J. R. Cooper, Physica2@9, 119 (1994. 19 Physica C230 354 (1994. .

10C. Unher, inPhysical Properties of High Temperature Supercon- 20"' P. Kadanoff and P. C. Martin, Phys. Rel24, 670(1961).
ductors 1l edited by D. M. GinsbergWorld Scientific, Sin- 21Y- Kubo and T. Manako, Physica {97, 378(1992.
gapore, 199p p. 159; A. Jeawski and J. Klamut, irBtudies of 22‘]- L. Cohn, Phys. Rev. B3, ,R2963(1996-
High-Temperature Superconductpredited by A. Narlikar 23P- J. Ouseph and M. Ray O'Bryan, Phys. ReuB4123(1990.
(Nova Science Publishers, Commack, NY, ]_BQ Nunez T. Plackowski, D. Wiosewicz, C. Sulkowski, and K. ROgaCkl,
Regueiro and D. Castello, Int. J. Mod. Phys5B2003(1991). Physica C244, 54 (1994.

11\, Ikebe, H. Fujishiro, K. Nakasato, and K. Noto, Physica&3, ~ 2*V. Breit, P. Schweiss, R. Hauff, H. Wil H. Claus, H. Rietschel,
309 (1996. A. Erb, and G. Mller-Vogt, Phys. Rev. B2, R15 727(1995.

18T, Plackowski, D. Wlosewicz, Z. Bukowski, and K. Rogacki,



