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Abstract 

We discuss the interpretation of measurements of thermal conductivity, thermopower, Hall 
coefficient, resistivity and mapetorcsistance in hiJh-temperaturc superconductors. The thermal 
conductivity of YBa2 Cu3 07 shows an increase below the transition temperature 7;:, demonstrating 
the importance of the electron-phonon interaction in reducing the phonon current in the 
normal state. Many features of resistivity and thermopower can be interpreted in terms of 
conventional metallic models, although morc exotic interpretations have been proposed. We 
show how measurements on morc disordered samples should help resolve controversy regarding 
the interpretation of the electronic transport properties. 

1. Introduction 

In spite of the phenomenal effort to investigate the new high-1'c superconductors, 
following the seminal work of Bednorz and MUller (1986), there is still no 
clear understanding and much controversy regarding the origin of the spectacular 
superconductivity. Theoretical considerations have been of little assistance in the 
search for materials with high superconducting transition temperatures. There have 
been tantalising indications of superconductivity, in the form of a decrease in resistivity 
of orders of magnitude, around 230 K (e.g. Huang et aL 1987) or even well above 
room temperature at up to 500 K (Erbil et aL 1988). One of the unsatisfactory features 
of these observations, however, is that the. resistivity in the possible 'superconducting' 
state of the Y -Ba-Cu-O compound of Erbil et aL (1988) is still more than six orders 
of magnitude larger than that in normal metals. We also find, using the approximate 
dimensions of the Eu-Ba-Cu-O sample given by Huang et aL (1987), that their 
experimental resolution means that the 'zero-baseline' resistivity below 230 K could 
be as high as 70 p.O cm, still larger than that of normal metals. Further, the 
extremely high resistivity (usually with negative temperature coefficient of resistivity) 
above the 'superconducting transition' certainly resembles semiconducting behaviour, 
and Grader et aL (1987) see an apparent temperature-induced metal-semiconductor 
transition in some of their oxygen-deficient Y -Ba-Cu-O samples. It is therefore still 
conceivable that the observed dramatic decreases in resistivity are due to some kind 
of semiconductor-metal transition. Indications of superconductivity around room 
temperature through Josephson-like behaviour (Chen et aL 1987a; Erbil et aL 1988) 
are perhaps more significant, although indirect. 
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Our main purpose in this paper is to interpret transport measurements on La
Sr-Cu-O and Y -Ba-Cu-O superconductors with a view to determining to what 
extent their behaviour can be understood in terms of conventional models. Since 
electron-electron correlations are expected to be strong in these superconductors (e.g. 
Oles et aL 1987), it is not a priori clear how good band-theory calculations and 
one-electron models are as a starting point for understanding their electronic structure 
and properties. A breakdown of the usual one-electron models could give important 
clues for the superconductivity. We also seek evidence regarding the importance of the 
electron-phonon interaction. These questions are of particular interest since the well
known resonating-valence-bond theory of Anderson et al. (1987), and other theories 
(e.g. Lee and Read 1987), propose novel electronic mechanisms for superconductivity 
not based on the electron-phonon interaction, as well as novel interpretations of the 
resistivity above the trapsition temperature. Isotope effect measurements to indicate 
the importance of the electron-phonon interaction for superconductivity have not 
been conclusive, with early results indicating no effect in Y -Ba-Cu-O, but later results 
giving a significant effect in La-Sr-Cu-O (e.g. Batlogg et al. 1987) and even some 
effect in Y -Ba-Cu-O (Leary et al. 1987). 

Many of the transport data we discuss have been presented in a series of letters 
(Uher et al. 1987; Uher and Kaiser 1987a, 1987b, 1988), to which the reader is 
referred for detailed data points, although other data are also mentioned. We are led 
to propose that measurements on deliberately disordered superconductors could be of 
particular significance in helping understand the nature of the conduction mechanism 
and the origin of the superconauctivity. 

2. Thermal Conductivity 

An unexpectedly dramatic effect was discovered in the thermal conductivity 
of YBa2Cu307' namely a strong increase below the superconducting transition 
temperature I::, as shown in Fig. 1 (Uher and Kaiser 1987 a). [Typically for research 
on the new superconductors, the same effect was independently discovered by several 
other groups (Jezowski et al. 1987; Morelli et al. 1987; Bayot et al. 1987; Gottwick 
et al. 1987).] A La-Sr-Cu-O superconductor showed a somewhat similar but much 
more muted effect, i.e. a bulge rather than a peak below Tc (Uher and Kaiser 
1987 a). Although thermal conductivity normally decreases below I:: (since the paired 
electrons cannot transport heat), the observed peak in Y-Ba-Cu-O can easily be 
understood in terms of the dominance of lattice over electronic heat conduction. Since 
paired electrons cannot scatter phonons, the heat current due to phonons increases in 
the superconducting state (Berman 1976); this effect could dominate over the decrease 
in the electronic component Kc of thermal conductivity if Ke is small. 

In the present case the maximum size of Kc estimated from the electrical resistivity, 
using the value of the Wiedemann-Franz ratio for elastic scattering, confirms dominant 
heat conduction by the lattice (for inelastic scattering of electrons as from phonons 
Ke is reduced below the maximum shown in Fig. 1). It is very difficult to imagine 
any circumstances in which the electronic system could give an increase of Ke below 
Tc' even in strongly-correlated systems. 

The only previous observations of an increase in thermal conductivity K below I:: 
are for a disordered alloy where heat conduction by phonon~ dominates over that by 
electrons (Berman 1976). The sintered ceramic samples of the new superconductors 



High- Tc Superconductors 599 

also contain a substantial amount of disorder, but another major factor making the 
electronic contribution Ke small is the very small density of carriers (as shown by 
Hall effect and resistiviiy measurements discussed below). 

We therefore have strong evidence that a large fraction of the thermal resistivity 
above 7;; arises from scattering of the phonons by electrons, indicating a strong 
electron-phonon interaction (particularly in view of the disorder which is a competing 
scattering mechanism for the phonons). The only escape from this conclusion would 
be to find a mechanism whereby the phonon system itself shows a dramatic change 
as the temperature drops below 7;;. This is not supported by neutron measurements 
(Renker et oL 1987) or observations of heat capacity (e.g. Junod et oL 1981), and it 
is unlikely that the phonon softening observed near 7;; by Boolchand et oL (1988) is 
a large enough effect. 
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Fig. 1. Thermal conductivity K of YBa2Cu307 (Uher and 
Kaiser 1987 a), with the dashed line showing the maximum 
contribution of the electronic component Ke. The peak below 
Tc arises from the disappearance of scattering of phonons by 
electrons as superconducting pairs form. 

The size and temperature dependence of the thermal conductivity above 7;; are 
intermediate between that typical of good crystals and amorphous materials. We can 
make a rough estimate of the average phonon ,mean-free path ~h as follows. The 
thermal conductivity arising from phonons is (Ziman 1960, p. 259) 

K = lCV~h' (1) 

where C is the heat capacity per unit volume and v the speed of sound. For Y -Ba
Cu-O, we use K = 3·5 WmK-l (Uher and Kaiserl 987 0), C = 1.4xl06 Jm-3 K-1 

(Nevitt et oL 1981) and v - 3000 ms-1 (Lang et oL 1988) to obtain ~h - 25 A. 
This mean-free path is within an order of magnitude or so of typical interatomic 
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spacings, showing the samples contain considerable disorder. Similar arguments apply 
for the La-Sr-Cu-O samples. 

It is difficult to make any quantitative comment about the electron-phonon 
interaction from thermal conductivity, but we can make a very rough estimate of the 
electron density using the usual metallic models by extending the calculation of Bayot 
et aL (1987). When heat transport is by phonons limited by scattering from electrons, 
the ratio of thermal resistivity WLe to ideal electrical resistivity Pi is (Ziman 1960, p. 
321) 

---rf:.- -Wi:.c T (e)2( Cmax )2 
Pi • k C ' 

(2) 

where k is Boltzmann's constant, e is electronic charge, n. is the number of free 
electrons per atom, and Cmu is the maximum value 3 N k of the specific heat C (N 
is the density of atoms). From our arguments above, the lattice thermal resistivity 
WLe must be a large fraction of the total lattice thermal resistivity KL"l, so that the 

density of free carriers is very roughly of order 

k C I I n. <; - -c (Pi KL)-i Ti . 
e max 

(3) 

Taking KL from Fig. 1, Pi of order 100 ,...Ocm (see next section) and C/Cmax - 0·45 
(all values at about 100 K) gives a density of carriers of n <; 1022 cm-3• That this 
seems a reasonable order of magnitude for n supports the applicability of the usual 
ideas of metallic conduction. 
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Fig. 1. Resistivity of Lal.gSrO.2Cu04 (Uher et aL 1987) and a sample of YBa2Cu30 7 in 
which th, linear law 'extrapolates' to the origin (Cava et aL 1987). The dotted line shows 
the extrapolation of resistivity below Tc suggested by Anderson et aL (1987), while the dashed 
line shows the conventional extrapolation assuming that the temperature dependent contribution 
arises from scattering by the carrier-phonon interaction. 
























