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.Abstract 

l?revious measurernents show that the thermal conductivity of Y Ba2Gu307-6 in the 
basal plane is anisot.ropie with a large peak in the superconductinê~ state. The magni­
tude of this anisotropy in the superconducting and normal states, ,'Uld the dominant 
mechanism for hc:!at conduct~.)n in the superconducting state are cUl'~ent1y the subject 
of debate. We have measured the thermal conductivity of high quaL\,ty Y Ba2Cu307-6 
for deoxygenated, twinned and detwinned samples along the a ana\ b axes to shade 
light on this jssue:. We were able to me as ure the electrical and therllî al conductivity 
using the same <:ontacts and hence determine the Lorenz nUl!lber 1. = K.p/T accu-
11'ltely. 

Attributing the normal state anisotropy in the heat transport to e\\~ctrons in the 
Cu-O chaîns, the Loren2, number takes on its full Sommerfeld value i.e. L = Lo. Under 
this assumption~ the phonon conduction is about the same in the SUp't'rconducting 
and dc~oxygenated sB.mples. 

Our resuJts are discussed in connection with the two possible mechanisms for hea.t 
condudion in the sllperconducting stat,l~. We find tbat although a strong case can 
be ma,de for the "e14~ctronic scenario" • ,hereby the peak is due to rapidly increasing 
electron mee.n free path below Tc, it is still not compelling at this stage. 

In addition, it is found that the thermal wnductivity along the a and b axes is 
isotropie at low temperatures, with a non zero linear term in K., indicative of sorne 
uncoIlldensed electrons as T -. O. This low temperature isotropy contradicts previous 
explanationl; in terms of non-superconducting chaîns. 
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Résumé 

Des travaux antérieurs ont montré que la conductivité thermique du Y Ba2Cua07-S 

dans le plan de bas(" est anisotrope, avec un important pic dans l'état supraconducteur. 
L'amplitude de cette anisotropie dans l'état normal et l'état supraconducteur, ainsi 
que le méanisme dominant de conduction de chaleur dans l'état supraconducteur, 
font toujours l'objet de discussions. Nous avons mesuré la conductivité thermique 
d'échantillons de cristaux désoxygénés, maclés et démaclés le long de l'axe a et b dans 
le but d'éclaircir le sujet. Il nous a été possible de mesurer la conductivité électrique et 
thermique en utilisant les mêmes contacts et ainsi correctement déterminer le nombre 
de Lorenz L = ",piT. 

En attribuant l'anisotropie de l'état normal aux électrons des chains de Cu-O, le 
nombre the Lorenz prend sa valeur maximale (de Sommerfeld), i.e. L = Lo. Selon 
cette hypothèse, la conduction phononique est environ la même dans le cristaux à 
haute Tc et dans les cristaux désoxygénes. 

Nos résultats sont discutés en rapprochement avec deux mécanismes posslules de 
conduction thermique dans l'état supraconducteur. Nous trouvons que même si le 
"scénario électronique" peut paraitre carrément plus vraisemblable (le pic scrait alors 
dû à l'a..4gmentation ra.pide du libre parcours moyen des électrons sous Tc), il n'e.it 
toute fois pas parfaiteœent satisfaisant. 

De plus, les mesures de conductivité thermique aux basses températures le long des 
axes a et b, avec un terme linéaire non-nul dans K, indiquent la présence d'électrons 
non-condensés lorsque T --+ O. Ce comportement isotrope à basse température con­
tredit des travaux antérieurs dont les explications du terme linéaire sont données en 
termes de chaines Cu-O non-supraconductrices. 
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Chapter 1 

Introduction 

scctionBasic conduction properties 

1.0.1 Scattering pro cesses 

At temperature, T=O, one of the results of Block's theorem is tbat electrons in a per­

fect periodtc potenttal, Z1i, sptte of the mtemctzon with thf fixed lattiee of ions, move 

forever wtthout any degradatzon of thezr mean veloeity[l]. In real crystals, however, 

this periodicity is broken by impuritics, isotopie inhomogeneities, structural defeets 

etc. These imperfections of the lattice act as sca,ttering centers (neglecting for a mo­

ment scatterinE; of electrons by itself or by phonons) to degrade the infinite conduction 

of these electrons. These scattering centers are called statte zmpurztzes which in most 

cases conserve energy il, the collisi.on (not true for magnetic jmpurities however), and 

at zero temperature are responsible for the residual electrical resihtivity. 

Heat in insulators, carried by phonons, coulà also be infinitely well conducted 

were it nût for static imperfections nnd sample boundaries. Howevcr even without 

these imperfections, one should remember the anharmonic terms in the Hamiltonian 

will, eventually, degrade the perfeet eonductivity of the phonons. 

At finite T, inelastie collisions become important, and in general, electrons and 

pl.onons scatter each other. 

On a.verage, every particle, say an electron, tra.vels a mean distance between col-

1 
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lisions, called the mean free path, and the time between these collisions is nJled the 

relaxatlOn time, T. In the general case, when there are more than one .cattering 

mechanism but one does not alt.er the other, the total s;:attering rate, 1fr, is the SUlU 

of the several scattering rates from different mechanisms, i.e. 

Similarly for l/Tphonon. = Tph~I",P + Tph~e1 + 7phl_ph' This is called Matttessen's Rule. 

The validity of this rule relies on a relaxation bme, r, which is independent of the 

momcntum k. Ii! formai theories this is not correct but wIthin the relaxation time 

approximation, this is a vMuable tool. 

1.0.2 The Drude model 

Drude assumed the electrons in a metal are free from interactions except for point 

collisions with other electrons or with the ions. The electrical current density, henre, 

is given by the number of carriers times their charge times their mean velocity between 

collisions. In the presence of an electric field, Ë, each electron has a mean vclocity in 

the direction anti parallel to Ë. Classically the equation of motion between ('ollisions 

is Vt = Vo - eËt/m. Since in absence of a field the average current is zero, the vc10city 

gained between collisions due to the field is -eËtfm. Taking t to be short and, on 

average t = T, the eucrent density can be written as 

(1.1) 

To obtain the electronic thermal conductiv.ity, Drude considered a model in which 

the electrons move along the x-axis so at a p'.>int x half the electrons come from 

the high temperature side and half from the low temperatur~ side. If dT) i8 the 

equilibrium thermal energy of the electron, then on average each electron carries the 

thermal energy of the point were it had its last collision. At point x the eledrofls 

that came from the high temperature si de had their last collision at x "- vr. Their 

contribution to the thermal <..Urrent density is !jvê(T[x - VT)). The electrons coming 

2 



from the other side have the same form of current density but with negativE' velo city. 

Adding the two terms and expanding &round :c gives the heat current density 

j! = ~nv.{e(T[:c - v.r]) - e(T[:c + l1z rJ)} = 

On average < v! >= lv2 
80 

'"f 1 2 ( 
J9 = 311 rcv( - VT) = lCe - VT) (1.2) 

Drude was wrong in taking the classical velo city and specific heat of the electrons. U s­

ing the Sommerfeld theory of conduction, 112 = vj. = 2eF/m and Cv = W; ("::) nkB , 

one conclu des 
.,..2nk1r 

te = ---T 
e 3 m (1.3) 

Beat can also pr('~agate through the lattice of ions, i.e. by phonons. The thermal 

conductivity of the phonons can be found by the same formalism as for the electrons, 

replacing the velo city of the electrons by the sound velo city, c, assuming the Debye 

approximation for phonon dispersion relation, w = ck. Bence 

1 2 
teph = -CvC T 

3 
(1.4) 

The Drude model, although over simplified, gives the right conduction equations to 

within some corrections. However one cannot proceed much further with this model. 

A better picture on conduction is given by the relaxation time approximation, for 

example, in which the relaxation time is taken to be energy dependent and employing 

the Fermi-Dirac distrihution to recover the Drude model to an accuracy of (":{) 2 

(l'V 10-4 at 300K for most metals). One should note that in this model the electron 

mus comes from the mus tensor M;; so in order to recover the Drude formulas it 

is necessary to deal with samples of cubic symmetry. 

3 



1.0.3 The Lorenz number 

The hardest variable in the conduction equations to determine theoretically is the 

seattering ratè T-1• Dividing the thermal by the electrieal condudivity of the elec­

trons, th~ relaxation time cancels out and one obtains 

Ke 1f'2 (kB)2 
(TT = 3" -; == Lo = 2.44 X 10-11 watt - ohm/ K 2 (1.5) 

This formula is called the Wiedemann-Franz law and the value of Lo is the Sommerfeld 

value and the ratio CT';. is the Lorenz number. The Wiedemann-Franz law assumes 

eledrons seatter elastieally so the relaxation time, T, is the same for the electrical 

and thermal eonductivity. However there are scattering pro cesses that can degrade 

thermal conduction without degrading electrieal conduction. Qualitatively, this can 

be explained by the fad that eledrons maintain their charge in a collision 50 the 

only way to degrade electrical current is by ehanging the electron velocity. However 

the "charge" in the thermal current is replaeed by (E: - IL) fT.l Therefore if energy is 

eonserved in each collision, the electrical and thermal current will degrade the same. 

On the other hand, inelastic scattering will cause the Lorenz number to be smaller 

than Lo sinee energy is also used in this case. The Wiedemann-Franz law will hold to 

a good approximation in two cases: 1) at low temperatures, where inelastic scattering 

becomes small and the main source of scattering cornes from impurities and defects in 

the lattice, which are elastic scatterers, or 2) at high temperatures where scaUering 

involves large momentum transfer, q, across the Fermi surface ({orward seattering) 

which degrades electrieal and thermal condudivity by the same amount [2]. 

lThis can be seen as follow: under temperature gradient, assume T is constant for a short interval 

of length, yield the thermodynamic identity dQ = TdS - pdN. In term of c .... nent densities, that Î.I 

jf = j' -l'l' where j', jn and j' (the electrical current densit.y) talte the form 

4 



--------------------------.~-.-_.-.. " 1" 
Il 

,1"" 

" , , , 1 " ., l , , , , , a-

, 

, , 
/CM , , , , , , , 

• O.~ __ ~~ __ ~~~ __ ~_'.,~I ____ ~ __ ~~'~,~I.,~I~,~, 
•• ,..0 40 .0 10 100 100 JOO 400 100 eoo 1000 

TE,.,. (IC) 

Filure 1.1: The Loren. number of hilh purit, Au. AI and Cu (aRer T. Mat.umar. et cal.[3]). 

In pure metala, the lattice thermal condudivity i. negligibly IImall compared with 

the electronic thermal conductivity, 60 that one can meuure directly le., and hence the 

Lorenz number. Figure 1.1.how. the Lorenz number of Au, Ag ud Cu. The strong 

deviation of the Lorenz number from ils calculated Lo at intermediate temperatures 

(below about 200K) reveals the importance of the inelastic processes, electron-phonon 

scattering in this case. ft i, observed that at high and low temperatures, L ~ Lo. We 

will use this property later in this work to test the thermal condudivity obtained in 

our measurements. One should note the variation of the Lorenz number as a funetion 

of purity illustrated in figure 1.2: the temperature at which the Mean Cree path, " 

becomes comparable to the mean distance between adjacent impurities increases as 

this Mean distance decreases, i.e. as the density of impurities increases. 

While the eledrical conductivity in the Wieclemann-Franz law is measured di­

rectly, the meuured thermal conductivity is the sum ". + ",la' Some authors make 

ule of thil tad to estimate the lIignificance of the phonons in the thermal conductivity 

oC a matenal by taking the electronic Lorenz value not to exceed Lo, and attributing 

the rest to phononl. 
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Fisure 1.2: The Loren. number .. funetioD of 'emperature and purit, (after R.M. Reaenberl. p. 
120 [4]). 

Let us now discuss the temperature dependence of the thermal conduetivity. Firat, 

the phonon •. For T <: SD the heat capaeity Cv oc T' (in the Debye model) and for 

temperatures well above SD it is constant (the law of Dulong-Petit). The temperature 

behavior of the relaxation time il more complicated. At high temperature. (T :> e D) 

the dominant phonon procesl i. the phonon-phonon .caUering and for a given phonon 

the scattering rate is Iinearly proportion al to the number of phonon.. The number of 

h .. b (k) 1 ~ -1 T d p onons lS pven y ft = .~w(k)/'.T -1 ~ ~(k) 50 T'ph_ph'" , U 

1 
IC- -

T-

where z is close to unit Y (perhap5 higher due to anharmonic terms). 

(1.6) 

As the temperature decreases, the number of phonanl decreasel however lome 

phonons may still have energy of the order of 1&wD hence the occupation number of 

phonon. n(k) = .~w(k)J •• 'I' -1 ~ e-8D1T 
.0 that 

(1.7) 

As the temperature drops the mean Cree path încrease. dramatically untU it become. 

comparable with the mean free path due to phonon-boundary .cattering. Below that 

temperature the Mean Cree path remains constant but than the cubic term in the heat 

capacity decreases the thermal conductivity, and IC '" T'. In .ummary, one .hould 

observe an enhancement in the thermal conductivity oC insulator. as the temperature 
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decreases from, aay aD, with a peak which is related to theimpurity concentration (or 

to sample dimensions in case of very pure samples). Then the thermal conductivity 

drops to zero as T3 • This general behavior of t.he thermal conductivity is illustrated 

in figure 1.3, for isotopically pure LiF[5]. 

In a non-insulating c:-ystal, phonons can be scattered by electrons. Since only 

electrons within kBT of the Fermi energy, êF, can participate in the process, the 

number of these electrons is "::' and hence T;h:el '" T. In the temperature range 

where Cv '" T 3, Kph-el '" TZ. According to Mattiessen's rule and the fact that 

Tph-Iloundarie. is constant at these low temperatures, the phonon thermal condudivi1.y 

is 

(1.8) 

The temperature behavior of the thermal conductivity of the electrons can also 

he derived. In the temperature range where the heat capacity of the phonons, Cv = 
~ '" TS

, the total crystal energy, E '" T 4 
° Since the average energy of the phonon 

is of the order of kBT, the number of phonons is proportional to T3 and so is Tel:pho 

From Mattiessen's rule and equation 1.3, assuming Tel-impul'itll to be constant, 

(
A )-1 

K.e = - + BTZ 

T 1 
(1.9) 

For our discussion is is important to note that equation UJ can be writte.n as y = 

(A + BTS)-l so when T -. 0, 7 intercepts to a non-zero value. 

This secticn describes the expected bchavior of the conduction of heat either 

by electrons or phonons. In many cases neither one of them is negligible. Since 

the measured thermal conductivity of the crystal is the sum of two contributions, 

K. = Kel + K.ph, it is hard to separate between the two. One wa.y to do so is to fit the 

measured thermal conductivity, K.mea,ul'ed(T} to equations 1.8 and 1.9. 

We sha.ll make use of the Wiedemann-Franz law to estimate an upper limit of the 

electronic contribution. We sha.ll find that in good crystals of Y BaZCuS07_6 (with 

5 R: 0) this upper limit is about 30% - 45% of the total thermal conductivity, hence 
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Figure 1.3: A log-log curve orthe thermal conductivi', of isotopiea1l, pure LiF [&J. Below -lOK the 
thermal conductirity illimi'ed by lurface scaUeriD, (the dift'erence betwen the IÎlea ol the lamples 
ÎI refteded in 'he difl'erent values at low temperaturea) and the temperature depeadence comes Crom 
the T' behavior ol the .pecific heat. The thermal conductivitl reachea a maximum wh en the meaa 
Cree path due to phonoa-phonon IcaUering il comparable to that due to scaUerin, by the lurrace. 
At higher temperatures ."-;.1_,,. rapidl, increau. with temperature while the .peciftc hea' .t'utl to 
level off'. 
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one cannot nc@:lect it. 

1.1 Thermal conductivity of conventional super-

conductors 

}}arly experiments by Onnes and Holst[6] showed that at the supereonducting transi­

tion point Tc, when the electrical resistance suddenly goes to zero, no discontinuous 

change in the thermal condudivity occurs. Later it was shown by De Haas and 

Blemmer[7] and Mendelssohn and Pontius[8] that the thermal conductivity of a su­

perconductor has a lowcr value than when a magnetic field is applied (to drive it into 

"normal" state). 

A simple model to explain it is the two ftuid model which assumes that below the 

transition point, Tc, a certain fraction of the electrons, 1- :1:, remains normal. :z: was 

found experimentally[9] to be 

(1.10) 

The electrical resistivity, is always short-circuited by the superconducting electrons. 

Experiments by Daunt and Mendelssohn[16]led to the conclusion that the specifie 

heat of the superconducting electrons is zero hence they can 't transport heat and the 

thermal conductant::e arises from the normal electrons. As the temperature drops, 

their number decrease& and the thermal conductance decreases faster than in the 

normal state. 

The B.C.S. theory makes use of a formal transport t.heory and the Boltzmann 

equation2 to create an integro-differential equation. The equat~on for thermal con­

ductivity of eleetrons limited by electron-impurity scattering is found, by means of 

variational principle, to be the same as for metals except tbat the lowest excited state 

2The total rate of change ÎA: = ÎA: 1 + ÎA: 1 + i" 1 must vanish in the steady state. f is 
dl" J .. rd coll 

the Fermi-Dirac distribution, i,,1 = - (~) (~) = -v,,~ and AI = (~) (~). 
~JJ ladd 

The current density is IJ"fllv"bc as in the previous footnote. 
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Figure 1.5: The ratio!! ror the case wben phonoD "aUerms ia dominant (iD weal: couplin,limil) 
(after L. 'rewordt [11]). 

in the superconductor is shiCted up by the energy gap, Il. 1t i. more convenient to 

take the ra.tio or the thermal condudivities 01 the superconductive and normal date.' 

les _ lA dE . E2 li 
-- (1.11) 

"N - J:O dE· E2~ 

where 1 is the Fermi-Dirac distribution. Thil ratio il shown in figure 1.4. An aUempt 

to use the vanational method to solve the Boltzmann equation for electron-phonon 

scattering gave poor results but a solution by numerical methods il pre.ented in 

figure 1.5. 

Much below Tc (say T :5 O.2Tc) the eledronic thermal condudivity ilsmall in both 

'For limplicity. Ipherical Fermi ludace iI ... umed. 
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cases since at these temperatures the number of excited electrons, i.e. the number 

of quasi-particles, is very small. At these temperatures the heat is carried mainly by 

phonons and, as shown in the previous section, K. ,..., Ta. 

Near Tc both contributions, /\'e and /\'ph, may be comparable. However the most 

definitive information is obtained when one of the contributions is dominant. If 

/te ~ /\'ph the behavior of K.e fa.lls into two categories. When the transition tempera­

ture is on the high si de of the normal state thermal conductivity maximum (obtained 

from equation 1.9), the thermal conductivity of the superconducting-state meets that 

of the normal state with quite a large angle as in figure 1.6. This is the case for lead 

and mercury, with low eD , where the normal state thermal conductivity around Tc is 

dominated by strong eledron-phonon scattering. The opening of a superconducting 

gap decreases the thermal conductivity rapidly (figure 1.5). If however the transi­

tion is on the lower si de of the thermal conductivity maximum, the superconducting 

thermal conductivity is shifted gradually from the normal state as in figure 1.7. This 

is, for example, the case of indium or tin. Electron-impurity is the dominant scat-
i 

tering mechanism in the normal state around Tc and the thermal conductivity in the 

superconducting-state drops according to figure 1.4. 

The most interesting case, from our point of view, is the case where I\.ph is com­

parable to /te. Figure 1.8 shows the thermal conductivity of NbC [14] in which a 

huge peak appears as the temperature drops helow Tc. The peak is attributed to 

an increase Ïn K.ph due to a reduction in the dectron-phonon scattering. A peak also 

appears below Tc in YBa2Cua07-6, which will he discussed in section 1.3 

1.2 The YBa2Cu307-6 compound 

It is not necessary to repeat the huge advantages and applications of the discovery 

of high temperature superconductors. Among the severa! compounds, a favorite of 

researchers is Y Ba2Cu.307-6 although this compound doesn't have the highest Tc. 

One of tht- reasons for this is the high sa.mple quality that can be achieved. Most 
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Figure 1.6: " of lead as an example for the eue ÎD whieh Tc ia higher than the temperature of the 
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Figure 1.7: " ofiDdium as an example for the eue in which Tc ia lOYler than the 'emperature orthe 
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high Tc '. have ditFerent compositions and the crystal growth presents difficulties to 

ac.hieve uniform one-phase sample •. The Y Ba2Cu307-1 compound makes a very good 

single cry~tal with a narrow normal-superconducting transition. The aspect of crystal 

growth will be discussed in the next chapter. Here 1 introduce the structure of the 

sample. Figure 1.9 shows the unit cell of the y Bo.2C1.I.307_1 compound. As the other 

tigh Tc's, ...u based on Cu and 0, YBo.2C1.I.307-1 is characterized by CU02 planes in 

the a-b plane oftetragonal structure. The YBo.2CUa07-1 has a tetragonal phase (~ 

it comes out of th~ furnace) with 6 oxygen atoms. ACter annealing, an additional 0 is 

introduced on the cbain along the b axis, between two Cu atoms (Oc(b) in figure 1.9) 

to form an orthorhombic phase. It is also important to note tbat the length of the b 

axi. in the later phase i. larger than the a axis only by 2% to 3%. 
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Figure 1.9: Tbe Y BCJ~CUa07_' unit eeU (after G. Burn. [15]). 

1.4 Thermal conductivity of YBa2Cu307-S: A re­

view of the literatul'e 

At full oxygen doping (6:::::: 0), YBa2Cu307_1 il a metal. Above Tc = 93K, it has a 

fairly high res;stivity. As a result, the two components of the thermal conductivity 

IÇ = te. + 1("", have comparable importance in the normal state and it is hard to 

. separate between them. This issue is a ml.jor part of tbis section. 

Several authors [17] hav~ used thermal conductivity to study both the &lOfmal and 

superconduding-state of Y Ba2Cu307-1. Those authors have found a large enhance­

ment in the thermal conductivity as the temperature drops below Tc with II. peak 

Mound 40 K, 2-2.5 tîmes higher than its value at Tc. Particularly înteresting to us 

are two publications that investigated detwinned single crystals. The la.ter paper, by 

Yu et al.[18] (figure 1.10), has opened a big debate about the origin of tbis peak. It 

attributes it to the increase of 1(" conhadicting the former publication, by Cobn et 

al.[19} (figure 1.11), who daims the peak ia due to phonon •. 

The motivation for this work wu two-fold: first, to establish experimentally the 

correct anisotropy of 1( in the a-b plane, of high quality Cully detwinned Y Ba2CuS07-1, 
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given the significantly different results of the two previous investigations (see fig­

ures 1.10 and 1.11). Second, to de ci de which of the two explanations of tloc peak is 

correct. In this section 1 will review those two papers (the only papers published on 

detwinned single crystals) commenting on the quality of samples, the experimental 

set-up and the analysis of the results. 

Sample quality: Yu et al. report a relatively low value of Tc=90.5K and a broad 

transition width of oTe rv 1K. They estimate l'esistivities of Pa = 140/Lf2cm and 

Pb = 57pJ2em at 200Y using the Wiedemann-Franz law (assuming L = Lo) and find 

these to be in good agreement with data on samples of "similar quality"[20, 21]. 

HoweveF, these samples, though stated to be of similar quality, have a much higher Tc 

with zero-resistance of at least 92K. For comparison, our samples have (to within 15% 

accuracy) Pa = 200/Lnem, and Pb = 100p.f2em at 200K. The (relatively) low Tc, the 

broad transition and low resistivities suggest a low annealing temperature ('" 4500 C) 

with a full oxygen content of 0 ~ O. However, the authors state that 0 is nenr 0.1 

which would th~n suggest their samples contain a fair amount of impurities (and there 

is an error on the real resistivities of their samples). 

Cohn et al. grew their samples in Au crucibles. It is already established that Au 

crucibles contribute large amuunts of impurities, mainly in the chains[22]. This will 

significantly redl'ce the a-b anisotropy in the electronic conduction. 

Experimental setup: Both authors used chrorr.el-constantan differential thermo­

couples to measure the temperature gradient along the sample. Yu et al. daim a 

10% uncertaiJ.lty due to the separation of dHferential thermocouple junctions. To this 

value one has to add the uncertainty due to the thickness of the samples. Since the 
1 

samples ?,e very thin (~ 100/Lm) , this introduces as a further uncertainty of 10% 

-15%. One therefore expects an overall uncertainty in the absolute value of K, of ± 
20-25%. When measuring the Lorenz number this error cornes in twice (for K and for 

0') hence one should aim to measure the electrical and thermal conductivity on the 

same sample so as to cancel out sorne of the geometrical uncertainties. This wasn 't 

done by these authors but i8 done here. 
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Interpretation of results: Cohn et al. helieve the peak in the superconducting state 

to he phonon dominated by measuring the electrical resistivities and employing the 

Wiedemann-Franz law to get an upper limit for the electronic thermal conductivity 

i.e. "e < LoT/p where Lo is the Lorenz number. By their calculation "e/" < 0.3-0.4. 

From this value they conclude that the normal state thermal condudivity is phonon 

dominated. 

The important scattering mechanism in this scenario is the electron-phonon pro­

cess. As the temperature drops helow Tc, the numher of normal eledrons decreases 

and the phonon mean free path increases, hence 50 is the phonon thermal condudiv­

ity, (equation 1.4), ",h = lcvC2.,. 

The other paper, by Yu et al., assumes the enhancement in the thermal conduc­

tivity is due to eledrons by relying on conclusions from other publieations[23, 25], 

and interpreting their own results in this way. They assume an isotropie "ph and weak 

electron-phonon coupling. They model "ph as (Wo+aTtl for all temperatures, where 

the linear term in temperature eomes from the phonon-phonon scattering rate at high 

temperatures, .,-1 ex T. The term Wo stands for phonon-electron,phonon-houndary 

and phonon-defect which are weakly temperature dependent and approximated as 

temperature independent. 

To account for the superconducting state they &8sumed the normal state thermal 

conduetivity "ft = ,,~ + "ph. where "ph. remains unchanged in the superconducting 

&tate. However this formula cannot be applied at low temperatures si4ce the phonon 

thermal conductivity has to drop to zero as T -+ 0 and this is not the case in their 

extrapolation. The suggestion of Cohn et al.[26] is that at low temperatures the 

umklapp scattering goes as 7"-1 oc: ezp( -E>DlbT) where E>D R:: 400K e.nd b ~ 1. 

ln the normal-state Yu et al. take the Lorenz number in the Wiedemann-Franz 

law as the full Sc)wmerfeld value (L = Lo) so the electronic thermal conductivity of 

each axis in the normal state is ,,~ = LOCTT, where CT is the eledrieal conductivity. 

They argue that since CTII," ex liT, ": along each axis is temperature independent. 

l'hey fit their results to "=11 = 3.94 ± 0.25 W/mK and ":" R:: 8.39 W/mK. This 
, l ' 
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is inconsistent with our measurements of non-linearity of the b axis resistivity[27]. 

We found p,,(200)/p,,(100) = 1.74 (rather than 2) which implies, by the Wiedemann­

Franz law, that "e,,,(200) = 1.15K.e,,,(lOO) SO K.e," cannot really be assumed constant. 

If one sets K.c ,,,(200) = 8.39 W/mK, one then expects K.e ,,,(100) = 7.3 W/mK. Sucb a 

temperature dependent is not observed. 

As for the amplitude of the anisotropy, it can he attributed entirely to electrons, 

if L = Lo (so that the deduced (1'" - (fa = 1-(K." - K.a ) = 9.32 X 1O-3(I'Ocmt1 and 

~ = 2.1 are reasonahle). 
(T. 

Yu et al., with their interpretation, opened the debate about the origin of the 

peak in the superconducting-state, suggesting four weak points against the phononic 

scenario. 

1. The enhancement in the thermal conductivities, K.a and "'" should also show up 

as an enhancement in the thermal conductivity along the c axis, "c' But several 

reports consistently claimed no anomaly for "c below Tc[28]. 

2. The electronic thermal conductivity, assumed weak, was taken not to he ai­

fected or to decrease below Tc, but recent results show strong suppression of the 

scaUering rate below Tc which should significantly increase K.e[23]. 

3. It is hard to explain the anomalous properties of the normal state, e.g. the linear 

Pa(T), by mainly electron-phonon scattering. However, the relative weight of the 

other scattering mechanisms (i.e. electron-electron, electron-spin fluctuations) 

is still not clear so tbis point is a little weak. 

4. The phonon thermal conductivity has to be at least as large as the peak value in 

the absence of electron-phonon scattering hut e~periments on oxygen.-deficient 

crystals (with no charge carriers) yield signific&Dtly smaller values. However, 

this argument assumes that the phonon thermal conductivity is not suppre8sed 

by introducing oxygen vacancies. 

The explanation of Yu et al. for the enhancement in the thermal conductivity comet. 

from the quasi-particle scattering rate. The rapid suppres8ion in the scattering rate 
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extracted from microwave measurementl (figure 1.12) .hould be reflected al an en­

hancement in the eledronic thermal condudivity (entirely due to normal electron • 

• ince Cooper pair. do not carry heat). or course, the magnitude of luch an eff'ect will 

depend on the .ize of le_ in the normal date and the size of L(T). 

Some Authofl find the qualitative similarity of the thermal conductivity of 

y BtJ2CU,07_. and NbC (with. hugc enhancemcnt in thermal condudivity below Tc, 

all due to phonon.: figure 1.8) to be in favor of the phononic .cenario [24]. The major 

difFerence, however, i. in the dominant .cattenns of eledron •. In NbC, eledronic 

conduction i. limited mainly by impunty .catterins (thi. il • dirty ,.noy). A. the 

temper.lure drop. below Tc, the reduc:ed Icatterins of phonon. by electronl increases 

phonon conduction. In Y Ba2Cu,07-1 (at leut in decent cryatals) at temperaturel 

around Tc, electronic conduction i. limited mainly by inelastic .cattering. A decreue 

in the electron .cattering rate below Tc can arise as a result of a less efficient inelastic 

Icattenns. Thi. could caule the eledron conduction to rise if the drop in .,.-1 is faster 

than the drop in the number of quasiparticle. This of course, depends on how fast 

and how low below Tc the scattering rate dropl (in any given lample). The rise in 
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the surface resist&nce u the temperature drop. !rom 77K to 35K in the microwave 

meuurement of Bonn et al. (figure 1.13) ia exadly thil eue, hence the aimUarity of 

the two cunel (Y Ba20UaO,_" NbC) cannot account for one acenario or the other. 

As for the experimental resulb themlelve., one can .ee hro Diajor difFerence. 

between the two papen: ,he firat difl'erence i. the lizable normal-.tate aDÏ.otropy 

leen by Yu et al., compared with the near isotropy .een by Cohn et al.. The lecond 

difl'erence i. at the .uperconducting peak where Yu et al. find IC. > IC. whereu Cohn 

el al. find IC_ > le... Thi. atriking msagreement prompted u. to meuure with Ireater 

accuracy the ratio !!t. of high quality fully detwinned cryltala. 
"'-

Severa! authors[21, 29] argue that the conductivity a!ong the b &Xi. proceed via 

two channela i.e. dong the Cu-O chains and in the CU02 planea. In a .imple model, 

the conductivity in the a direction i. the intrin.i.: conductivity of the plane, tbe b 

I.XÏ. conductivity is the .um of the conductivitie. of the a I.XÏI and the chainl. In thi. 
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picture the Au doping of the chains in Cohn et al. may cancel out the conduction of 

this channel and leave an isotropy in the elt!ctrical and thermal conductivity. 

Yu et al. interpret their anisotropy this way and find the thermal conductivity of 

the chaîns to he constant in the normal state. In the superconducting state Kb - KG 

has a shallow minimum around 40K and an enhancement helow it, which features 

they do not attempt to explain. This will he compared and discussed with the results 

of this work. 
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Chapter 2 

The Experirnent 

2.1 Sample Preparation 

High quality Y Ba2Gua07_6 single crystals have been grown by a self decanting flux 

method. The crystals have been annealed in oxygen, detwinned in a pressure eell 

and eharacterized by means of low field magnetie susceptibility, a-b plane resifltivity, 

polarized microscope and scanning electron microscope. 

2.1.1 Crystal Growth 

To grow the crystals we started with two possible mixtures. The first, of Y:Ba:Cu = 

1:4:10, was introduced by Riee et al.[30]. The other mixture of Y:Ba:Cu = 1:18:45, 

introduced by Wolf et al.[3l], uses the same ratio between the Ba and Cu but a lower 

amount of Y since they used Yttria Stabilized Zireonia (YSZ) erucihles, part of which 

dissolves into the melt. A major aspect of the crystal growth is the cru cible rnaterial. 

The commonly used cru cibles are AI20 a, MgO, Th02 and YSZ. Aecording to Liang 

et al. [32] , the Ali 3 ions contribute large amounts of irnpurities by substituting for the 

Cu in the chain sites and the M gO crucibles give samples with low Tc ainee M g+2 has 

the same charge and a similar ionic radius as Zn+2, which is known to substitute for 

the Cu in the planes. The T h02 cru cibles also contribute large amounts of impurities 

since Th+4 and y+3 have similar radii. Liang et al. chose an YSZ crucible beeause 
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the Zr+4 has a much higher charge than the Cu atoms. We also found it to give 

the best results. In these crucibles we could not pro duce crystals from the 1:4:10 

mixture but we got very good results with 1:18:45. To make the mixture we used 

Y203 of 99.9999% pu rit y, BaCOa of 99.999% and CuO of 99.9999% purity. We found 

the purity of the materials to be a crucial aspect of tht crystal growth: by using the 

same heating program and crucibie materiaJ with BaCOa 3.D.d CuO of 99.9% purity 

we could not even melt the mixture properly. 

To extract the crystals from the flux we used the self decantation technique which 

was introduced by Gagnon et al.[33J. In this method a temperature gradient is applied 

along the cru cible while crystals grow. Thermodynamically, it is favorable for the :flux 

to move to the colder si de of the crucible, leaving the crystals on the other side. The 

advantage of this method is that one need not turn over the cru cible while it is at high 

temperature and several crystals are flux free. We applied a temperature gradient of 

about 4 - 5 uC/cm. 

The henting program we used is a combination of those used by Liang et al. [32] 

and Vanderah et al.[34J: 

1. Rea.t to 870 oC in four hours. Though the furnace can reach 870 oC in a 

much shorter time, we chose a slow heating rate to avoid a lal'ge temperature 

oven hoot. 

2. Eight hours at 870 oC. In this stage Ba003 decomposes into BaD for the next 

stage. 

3. Reat in two hours to a temperature between ~110 oC and 1020 oC. This is the 

temperature vrnere melting OCCUlS. The idea is to reach the lowest temperature 

for chemical reaction and melting of the starting materials 50 as to reduce the 

amount of impurities due to the crucibie. 

4. Dwelling for 4 to 8 hours at this temperature. This stage is to enaure homo­

geneity of the melt. 
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5. Cool in one hour to 990 oC, 

6. Dwell at 990°0 for 5 to 20 hours. At this temperature the crystals start to 

grow. 

7. Cooling for one hour to 9500 -970 °G. In this temperature range crystals and 

flux coexist. 

8. Cooling to 930 oC at a rate of 0.5 to 2 oC /hour. This is the self deeantation 

stage in which flux moves to the cold side and the crystals are left in the hot 

side of the crucible. 

9. Cooling to ambient temperature. The natural cooling rate of the furnaee is low 

hence this stage takes about 12 hours. The low eooling rate results in surface 

annealing and twlnning of the crystals. 

When the samples are taken out of the crucible, they have an inhomogeneous 

oxygen content. At this stage we annealed the samples in a slow flow of pure oxygen 

so as to fill the chaîns. We heat the sample to 850 oC, for one day and then anneal 

for six days at 500 oC. Both LaGraff et al.[35] and Schleger et al.[36] found that at 

500 oC and a pre:ssure of 1 atmosphere, the oxygen deficiency in Y Ba2Cu307-6 is 

5=0.08 to 0.1. 

In order to eliminate the twinning we used a stress eell. We applied 0.5 kg along 

one of the edges of the sample, usua.lly the wider one, at a temperature of 550°0 

(a. temperature found to be a compromise between increased oxygen mobility as the 

temperature rises[35], and a proper function of our stress cell) for about 15 minutes 

(in aü') and then re-annealed for one day at 500°0 in oxygen. 

2.1.2 Characterization 

Polarized Op.tical Microscope 

After annealing the samples one ean observe twins in the a-b plane. Those twins 

are just alternating a and b domains due to structural transition (from tetragonal to 
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Figure 2.1: Schematic representation of twinned Y Bo2CUa07_6 (after Gagnon et al.[37]). 

orthorhombic, after growth, when the crystals are cooled and the surface is annealed) 

as in figure 2.1. In order to observe the twins and the twin boundaries we employed a 

polarizing microscope, in two configurations. In both cases the incident light is parallcl 

to the c axis, so that the electric field is in the basal plane. In the first orientation the 

po] I),rizer and the analyzer are perpendicular to each other and parallel to the twin 

boundaries, i.e. at 45° to the a or b axes. The incident light exits the polarizer 8.t 45° 

to the axes. The reflected beam ha.s electric field components Ta and Tb, and when 

it exits the analyzer the intensity of the light. is just 1 <X Ira - Tb1
2

• In the adjacent 

twin, the indices a and b are intcrchanged but this does not affect the intensity, so 

one cannot observe the different orientations of the a and b axes. Since the domain 

boundaries themselves have higher symmetry i.~. this configuration therefore reveals 

the boundaries are more isotropie, the intensity J there is much smaller. In the other 

configuration of the microscope, the polarizer is moved by 45° so it is pal'allel to one 

of the axes. The intensity in this case is proportion al only to ra or rb, and one can 

observe different intensities for adjacent twins. 

Figure 2.2 presents a picture of a small area of twinned sample when the polarizer 

and analyzer are in 45° to each other. Figure 2.3 presents the same zone of figure 2.3 

while the polarizer and analyzer are perpendicular to each other. \\Tith this technique 

one can f'stimate what fraction of the sample is twinned, how Many twin domains 
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Filure 2.2: A pidure of a .mall area of .. 'WÎDned AIIlple u i' ÎI teeD ia the polari.ed DÙcrOICope 
wheD 'he polUÏler and aaal)'ler are iD 45- &0 eada o&her. 

exist and their size. Typically, before annealing the number of twin. in one orientation 

il about the same as in the other. Arter detwinning, typically about 1% of the lample 

i •• till twinned, generally in one of the cornell, due to unequal .be •• along the .ide 

of the lample. 

To look in the a-c a.nd b-c direction. we employed a .canning electron microlcope. 

In the SEM one canuot observe the ditrerent orientationl in the bual plane lince the 

elecbon beam would be parallel to the c direction. 

Magnetic Susceptibility 

For a more quantitative charaderization of the lample. we employed two technique.: 

AC magnetic .usceptibillty, which jJ more of a volume teltl , and electrir.al resiativity 

which dependl ou favorable path. in the sample. The former i. preferable, mainly, 

10ne .hould Do&e 'hat a lood .urface-annealed AIIlple (10 the ÏD&erior of the ... mple ÏI ceramlc) 

will retul& u il the whole I&Dlple il .upercoDdudùal. 
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Fiaure 2.3: The wne IODe (or. twinDed IUIlple) u the prenou. Alule with the polarÎler and the 
anal)'.er parallel &0 eaeh other. 

because il doe. not require &Dy .pecial preparation e.g. contacts. 

The IUlceptibillty .pparatui i •• hown in figure 2.4. The probe consist. of two 

.econdary coils, 40 gauge Cu wire, 5 mM long, 6-9 mm in diameter and 1000 turna. 

The two coils are wound on .. Tetlon former in opposite directions to each other 

10 the induced voltage in one empty coil will cancel the other as much as possible. 

The secondary colla are placed in the center of a primary coil, 2230 turns, 40 gauge 

Cu wire, 12.5 mm in diameter, and 60 mm long .0 al to reduce edge eff'ech on the 

secondariea. We used &Il LR-400 resistance and mutual inductance bridge, with a 

maximum excitation of 10mA at 17Hz 10 B"" ••. ~ 0.5gaufls. The sample was glued 

with in.ulating GE 7031 varnish to a 3mm diameter Cu rod and wu placed in the 

center of one of the secondarie.. The other aide of the Cu rod is mec:hanically atbched 

to the Cu tip of the probe. A platinum thermometer il mechanically atlached to the 

other .ide of the Cu lip .0 that the heat transport between the .ample and the 

thermometer i. excellent. Thi. apparatui dwells in low pressure of He gas tor heat 
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exchange between the "cold finger" and the surrounding wa.1ls so as to improve the 

thermallink among the several parts of the cold finger. The system is controlled by 

one resistance bridge for reading the thermometer and another bridge, the LR-400, in 

a mutual inductance mode to measure the susceptibility. Vihile the sample is in the 

normal state, its susceptibility is negligible and one measures the diffe.rence between 

the secondaries (sinee they are I:.'")t identical). A bridge offset can be applied to cancel 

this component. As the temperature drops below the transition point, magnetic flux 

is screened out of the sample and the effective volume of that secondary dropfl which 

results in a change in the total e.m.f. picked-up. In figure 2.5 one can see the 

transition temperature and its width. The high Tc of iJ3.4K ~nd especirilly the very 

narrow transition of O.IK (measured by 90% to 10%, - top to bottom) Es evidence for 

the high quality and homogeneity of the sam pIe. 
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Figure 2.6: The transition teraperature by resistivity (.) and susceptibility (0) test. 

Eledrical resistivity 

As we sha.ll see, one of the advantages of our set-up is the ability to measure the 

electrical resistivity using the same contacts aE' emplo;ved for the thermal conductivity. 

The motivation for such a design ·",a.s to allow a measurement of the Lorenz number, 

free from geometric factor uncertainties. The electrical resistivity is also a test of the 

quality of the sam pie and its contacts. The description of the system cornes Iater in 

tbis chapter, however, one should note that in this set-up one can measure either Pa or 

Pb, but not both (a curve of p(T) will be presented in a Iater chapter). For a relation 

betw~en the two quantities on the same sample, a Montgomery test was conducted 

in parallel with this work (R. Gagnon et al.[27]) and its results will be used here. 
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2.2 The thermal conductivity 

To measure the thermal conductivity, K.(T), we employed the steady state technique 

in which for every recorded point the temperature of the sample is stahilized around, 

say To, a constant heat is applied until equilibrium is reached the temperature gra­

dient across the sample is measured and K. = t teat 
d t X (geometric factor) empera ure gra .en 

is evaluated. The targeted temperature range is 40K (the peak in the thermal con-

ductivity in the superconducting state), and 150K for the normal state investigation. 

Of course, we would like tn exp and this range but, as will he discussed later, the 

thermometer limitations (at the low temperature end) and radiation losses (at the 

high temperature end) constrain us to this range, at least at the moment. For the 

purpose of this work, however, this range is satisfactory. 

2.2.1 Dewar and probe 

For the dewar, we used a similar set-up as for resistivity / susceptibility i.e. an external 

glass dewar containing the cryogenie liquids and two thin wall stainless steel tubes. 

one inside the other, inserted into the glass dewar as described in figure 2.6. The 

inner tube containing the probe needs to hold high vacuum. The area between the 

stainless tubes, called the conduction chamber, contains He gas at a pressure of 1 to 

10-1 mbar, depending on the desired cooling rate. 

The requirements for the probe are to hold high vacuum and to have a good 

thermal link to the surrounding walls. For the thermal link we used 4 BeCu strips, 

5mm wide, n shape, attached to the Cu part of the probe (called the cold finger) on 

one side and pressed iIllto the walls of the inner tube in the center. 

Althl'ugh the the"'mometers are far from the strips, the excellent geometric factor 

of the eold finger and the faet that it is solid Cu, especially between the heater and 

the thermometer (lOmm in diameter, 30mm long) assures uniform temperature along 

it. This was tested by eooling down without using the heder and than warming up 

using the heater, against a thermometer placed in the sample area. The difference 
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vacuum in the _pie chamber. The Ihaded areu on the probe are ail Cu. The lpace for the thermal 
condudivit, apparatu u about Umm high, 20mm wid~ and 50mm 10Dg. 

wu smaller than O.5K at T=130K. 

To reduce heat losses through radiation, a thin Cu shield was mechanically at­

tached to the probe 50 the thermal conductivity apparatus area is 5urrounded by a 

radiation 6hield at the same temperature as the sample holder. 

In order to estimate the amount of liquid 4 He boil-off due to the stainless rod 

and the Cu wires, we used table XIII of White [38] for the mean value of thermal 

condudivity of Cu and stainless steel between 300K and 4K. U sing the latent heat 

of liquid 411 e, 3 Joule/cm3
, we estimated about 1.6liter/day. This is much smaller 

than other loss factors, mainly through the non-perfect vacuum of the glass dewar. 

2.2.2 Thermometers and heater 

AI will be explained later in this chapter, we required two identical resistance ther­

mometers RI and R2' so that ~ = ~ in the temperature range of the experiment, 

30K < T < 150K. Another constraint is the size of the thermometers and heater. 

Since th~ longest dimension of the sample is approximately (2mm), this should be the 
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Filure 2.7: The quantity S:J for Cu ua fundion of temperature u wu meuured b)' UI. 

size of the other plUts if one requires minimal space between aU parta of the thermal 

conductivity apparatu. (to reduce heat exchange with the .hield due to radiation or 

residual gas conduction). We started with a 2kn carbon resistor, cut alices of Imm 

thick and 3x3 mm on the surface. Silver wires were epoxied with .ilver epoxy or .üver 

pute to the surface of the carbon, resulting in contact re.i.tance of O(200alcontact). 

The same proce .. wu used with silver or gold depoaited on carbon .urface, whic:h re­

duced the contact resistance to O(30n/contact). A bigger problem wu the difl'erence 

in the two thermometer ~e.istances: 50kP. and S8ka. It wu not euy to miDÏmize 

that dift'erence. 

Finally we chose to make Cu thermometer.. The temperature behavior of Cu 

is almost linear down to 77K. In fact, the important quantity, S:~, u it appear. 

in figure 2.7, is greater than 10% for T>30K. On a 7mm long, 0.5mm diameter Cu 

base, we wound 65cm of 12pm insulated Cu wire, as de.cribed in figure 2.8. The 

length of the coil itself in each thermometer is 5mm and the re.i.tance. of the two 

thermometers used, are 990 and 98n. On ODe .ide of the Cu bue we .old~ a 40 
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12 micron Cu wire 

Figure 2.8: The Cu thermometer 

gauge Cu wire as a lead for electrical resistivity test. On the other side we melted 

indium because of its low melting point so &8 not to burn the fragile insulation of 

the 121'm wire in the final a&sembly. With this configuration the componeilts of the 

thermal conductivity apparatus make a tight " package" , and also enable us to measure 

the eledrical resistance of the sample together with the thermal conductivity. 

The same principle guided the design of the heater, replacing the Cu wire by 

251'm, lOOcm long manganin wire which gave 929 n at room temperature. 

2.2.3 Thermal conductivity apparat us 

Physical circuit 

The technique used to measure thermal conductivity is a 4 probe method which 

requires a cold point, a heater and two thermometers in between. To the sample we 

silver-epoxied four 100l'm sllver wires as described in figure 2.9. The characteristic 

distance along the Ag wires between the sam pIe and the other components is 2mm. 

The manganin coils thermally isolate the thermometers and heater from the Cu base. 

To estimate the heat leak through these colls, from table 1 of White [38], the thermal 

condudivity of manganin at 150K is 13W m -1 K-l. With 251'm diameter and 4cm 

long, the thermalleak of ea.ch component (i.e. 5 COllF} is IJLW K- 1
• F'or our sample, 

1=--2mm and $ = 1.1 x O.09mm2, the thermal conductance is 250l'W K-l. With such 

a ra.tio the heat 10ss through these coils lS negligible compar~d with the heat flow 

through the sample. This is even more true Il.t lower temperatures. 
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Figure 2.9: A detailed drawing of tite thermal conduetivity apparat us is .hown on the leCt. Ag 
wires are epoxied along the sample, perpendieular to the diredion or current. The manganin coU. 
are eonneded to the eledrieal leads oC the probe. On the right, an eledrie analog with power lUI 

current source, and temperature &II potential, is shown. The liule reaiaton, Rt, stand for contact 
resistanees. The one between the heater and the sam pie, Ri, is the most signifieant resistor aince it 
ineludes the manganin insulation in the heater. It wu round experimentally to be three timea the 
sample resistance. R2, mueh amaller than Rt, has no thermal or elechical significanee. Ra has an 
excellent meehanicol contact henee even amaller tban R2. 

The losses through radiation were more significant. Experimentally we found 
, 

that by supplying the heater with a power of O.25m W, its temperature increases by 

5 - 5.5°C (more or less at any temperature), a value which wu obtained using the 

measured temperature dependence of manganin resistance. Assuming an emissivity 

factor e=l for all surfaces, the heat lost by the heater per second 

whereu = 5.67·10-12Wjcm2K 4 andAisthesurfaceoftheheater. ThusQ,ou ~O.12mW 

at 150K. This value was found to be consistent with our measuremen~s of the Lorenz 

number of silver (which we measured for calibration of the system, see next section) in 

'Khich we found L > Lo at 'l' > 150K. At this point we surrounded the thermometers 

and heder with aluminized mylar and shortened the length of Ag wires. Since the 

emissivity fador of Al, e ~O.1[381, Q,o" becomes less than 5% of the sapplied power. 

After these improvements we obtained satisfactory results up to 150K. 

Another mechanism for heat 1055 is t h~ heat exchange through the residual gu in 

the cryostat. Since the pressure in the sample area ie lower than 1O-5torr (actually 

lO-6torr for high temperatures and 10-7 torr below 78K) we could rely on the fact 
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Fi8ure 2.10: The electrical circuit oUhe experiment. RLI,J are limiting resistorl oflOkO± 1%. Rt,2 

are thermometell and RAIl" are man8anin coil •. 

that the mean free path of the gas molecules is larger than the distance between the 

thermal conductivity apparatus and the radiation shield and employ equation 48 of 

ref. [38] 

Q = O.016aoPmm (T2 - Tl) , 

where Pmm is the pressure in mm of Hg, Q is in !"2 and !l.TB~Gte,. -= T2 - Tl ~5. ao, 

called the accommodation coefficient, is sm aller than one. Using the heater surface 

area, Q=O.25pW (for ao=:), which is also a negligible effect. 

The eledrica1 circuit 

The electricN circuit of the thermal conductivity apparatus is described in figure 2.10. 

Before turning to the mat,hematics wc make severa! approJÔmations: 

1. RLl = RL2 :::: RL ~ Rh R2 • The limiting resistors RL are thin film 10kO 

± 1%. In fact we found lO.02kO and 10.01kO respectively. The resistance of 

the thermometers and manganin coils are less than 1% of RL throughout the 

temperature range of this experiment. 

2. Although the resistance of the manganin coils, Rltl, is temperature dependent 

(and we make use of it later) it is negligible compared with Cu, Le. d:? ~ ~.2 • 
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This fact was confirmed at the lowest value of ~12 in this experiment, i.e. al 

30K we measured R1,2 (4 probe measurement) and compared ~ with cl(R'JrRM1. 

3. For a sma.ll temperature change, I1T, the change 'in the thermometer resistances 

is 

ll.R = R(T + I1T) -- R(T) ~ ~;I1T 
The validity of this linear approximation, in particular at low temperatures will 

be discussed later. 

The potential at point A or B is 

i = 1,2 

where Vu is the voltage generated by the Lock-in Amplifier. VA,B can be measured as 

a function of temperature and one obtains a calibration 

In fact, within the 1% uncertainty, ~ = ~ 80 ~ is the calibration for both 

thermometers which we will caU simply (~). . 
lU cfll1brated 

Next, we apply a sman temperature gradient at a constant cold finger temperature 

which causes the potential at say, point A, to increase by ll. VA. Ma.thematically 

ll.VA = VA(T+ll.T)-VA(T) = ;: [Rï(T + âT) - R;.(1') + RM(1' + ll.T') - RM(T')] = 

= Va (dRs ll.T dRM ll.T1) ,..., Va dB. AT 
RL dT + dT - RL dT 

where T + ll.T' is some II.verage temperature on the manganin coll between the sam pIe 

and the cold finger. Under approximation 2, we ignore the manga.nin contribution, 

hence 
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The same treatment can be made for the difference in the potentiaJs VA - VB == VA-B: 

âVA-B = [VA(T + âTA) - VB(T + âTB)] - [VA(T) - VB(T)] ~ 

~ (~~) calibrlltcd (âTA - ATB) 

which isjust TA-TB whüe the samplehas a temperaturegradient i.e. if âTA = TA-To 

and âTB = TB - To: 

(2.1) 

One should note that we make use of the same (~) for both thermometers 
CGli~Gtcd 

due ta the similarity of the resistances. This assumption will be shown later, in 

page 43, to be justified. 

2.3 Test of Ag sample 

At an early stage of the experiment we had the need to test the apparatus. For tbis 

reason we chose to measure a well known material. We used a lOOl'm Ag wire, 14mm 

long, from the same materia! as for the leads to the sample (from the manufacturer: 

99.997% purity). The distance between the thermometers is Umm so that the thermal 

conductance is ('f the same order as for our Y~CO samples, ~O.3xl0-3W/K. The 

manufacturer data gives PAg=1.5861'0cm. The measured sample resistance at room 

temperature, R=23.3±O.lmO, deviates from the calculated one, R=22.21mO, by 5% 

due to geometric factor uncertainty. 

Figure 2.11 presents the eledrical resist8.I1Ce of the sam pIe at low temperatures. 

The "steps" reflect the accuracy of the last digit on the resistance bridge, and intro­

duce an error of 5% at 80K to 11% at 40K. 

We measured the thermal conductivity of the Ag sampb at severa! points between 

40K and 170K. At bigher temperatures we found the heat loss due to radiation to be 

significant as was mentioned earlier (and as a result we later added radiation shields to 

ail the components of the thermal conductivity apparatus and minimized the length 
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Figure 2.11: The measured electrical resistivity of the Ag sample. The distance between adjacent 
"steps" is just the last digit on the lowest scale of the resÎstance bridge. 

of the Ag wires between the Y Ba2Cu,a07-6 sample and the Cu thermometers, for 

the following experiments). The measured Lorenz number is presented in figure 2.12. 

Although the errOI due to the electrical resistance data is large (especially at the 

lower temperatures), the measured Lorenz number is in rough agreement with the 

expectations. For comparison, figure 2.12 presents published values for the Lorenz 

number of Ag of 6N purity[3]. The higher values of our sample can be explained by 

the different impurity concentration as was discussed earlier (figure 1.2). 

As a result of tbis experlment we limited our measurements in Y Ba2CU,307-6 to 

temperatures lower than 150K (because in Ag, K, ~ LouT in this temperature range). 

Furthermore, we estimate that the ifuprovements implemented for Y Ba2Cua07-6 

have reduced heat losses by radiation by a.t least a factor of 10 at I50K. 
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Figure 2.12: Loren. number as was measured by us (0,0) before eorrecting for radiatiou, and as 
wu measured by others (0) for samples oC higher purity. Error bars are due to the "steps" oC the 
previous figure. 

2.4 Experimental procedures 

Four samples have been meuured: two detwinned crystals, one with Jlla (labeled 

A) and the other with Jllb (B), a !winned sample (C) and a deoxygenated sa.mple 

(D) with 0 7-6 of 6 = 0.7. In aU cues we started meuurements by cooling while 

meuuring the sa.mple electrical resistance, the heater resistance, the potential across 

one thermometer (including the manganin coil) and the difference in the voltage across 

eac::b thermometer, av. This enabled us ta obtain a curve for R,ample(T), 'Veherm.(T), 

and hence also dY/dT and Rheatll,(T). Once the temperature was stabilized at 90K or 

30K we measured the time response of the thermal conductivity apparatus to reach 

equilibrium, and estimated it for all temperatures. The final step wu to increase the 

temperature in steps and recording the heater power and ~ V to get It(T). 

1. Since the cooling rate wu kept low, no significant temperature gradient was 

round between the sample and the Pt/Ge thermometers (the probe tempera­

ture). This wu confirmed during the thermal coo.ductivity experiment when 
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Figure 2.13: a) The Cu &hermome&er n. probe &emperature (ob&ained from Ge/pt thermometer) 
while eooling dOWD (eireles) and _hile heatin, (.quarea). b) A ma,niflc:atioD of the temperature 
raDge with the mo.t .ignificant deviatioD. 

heat was applied to the probe (to stabilize its temperature) and the re.i.tance 

of the Cu thermometers wu compared to the resistance obtained while cooling 

down. The resuIts are shown in figure 2.13, which reveal a maximum deviation 

of 0.5%, at 160K. 

2. The electrical resistance of the slWlples is presented in figure 2.14. eSTe, the width 

of the transition, for the superconduding sample., 90% to 1.0% top to boUom, i. 

O,IK. The resistivity of sample A (the sample with Jlla), Po, i. calculated using 

the measured geometric fador: 1 = 1.3mm,' = 1.1mm x O.09mm. We e8timate 

the uncertainty on the geometric fador to be 10% to 15%. Now, tht anilotropy 

of the electrical resistivity wu carefully meuured by Gagnon d al.[27]: For 

nominally identical crystal. it is P./ P6 = 2.15 ± 0.05 al 250K. Dividing thil 

ratio by the ratio of resistance. RoI14 at 250K reluIt. in the ratio between the 

geometric factors to witrun ,.",3% uncertainty (instead of 2 x 10 - 15%). The 
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Figure 2.14: Meuured electrical resistance oC the r.uperconducting amples, on the 1eR, and oC the 
deoxygenaled sample, on the right. AlI samples have comparable geometric ractors. Sample A: llla; 
.ample B: Jllbj lample C: twinned; semple D: deoxygenated. 

same procedure wu used for the twinned sample for whlch the resistivity work 

gave Pt1llinned = ~ (Pa + Pli) [27]. The uncertainty for the deoxygenated sample 

is the usua! 10% to 15%. 

3. To measure thermal conductivity in the steady state one should stabilize the 

temperature of the probe. We required the temperature cont.roller to be stabi­

lized to the lut digit e.g. at 150K the :fluctuations are of order 4: = :o~is~, 

which rellults in t:l.T ::; 0.025K. 

4. Once the temperature of the probe is stable, the period, from the time heat is ap­

plied on the semple till the whole apparatus reaches equilibrium, is temperature 

dependent due to the dependence of the heat capacity and thermal conductiv­

ity. Figure 2.15 presents the time dependence at 90K of the voltage differencp. 

between the two thermometers, VA-S, for Jllb, showing equilibrium is reached 
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Figure 2.16: Time response of A-B channel at 90K of sample B with applied heater eurrent of 
0.866mA (Power=O.66m W). 

after 4-5 minutes. The same was done at 30K and we found T(30K) ~ 30"ec. 

Next, we estimated T(T) by linear extrapolation between T(30K) = Imin. and 

T(90K) = 7m.in. to ensure equilibrium has been reached at all temperatures. 

5. For each point taken, the system records: 1) the difference potential for the pair 

of thermometers (and its standard deviation2
) before (Vi_=;) and after (Vl- B ) 

heat is applied, 2) the heater voltage (VHeate,,) while being heated with constant 

current (1), and 3) the probe temperature (Tp"obe) as obtained from a calibrated 

Ge (or Pt) thermometer. 

6. Using the measured curve of V(T) for the Cu thermometer without heat (shown 

in figure 2.13), we obtain the temperature of that thermometer while heated. 

lIt is one orthe features of the l.IA SR-850, to record values for a certain time (we choie tOlee.) 

and return mean value and deviation from it, for both A and A-B channels. This c!;Uabled UI to 

identify bad points due to noise, instrument errors ete. 
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From the curve fit of ~~ (T) we calculate3 ~~ (Thot thel'mometel')' From equa­

tion 2.1: 

and the thermal conductivity " = I.V~T·" x (geometric factor). 

At very low temperatures, :~ changes quickly, hencc lt does not have the same 

value for the hot thermometer as for the cold one and equation 2.2 needs cor-

rections. 

Defining TQ to he the temperature at the middle point hetween the thermometers 

while the temperature gradie~lt liT is allplied, the potentia.l across each thermometer, 

e.g. the hot one, is 

( liT) (dVA) liT 1 (d2 l-'A) (liT)2 VA Tq + - = VA (TQ ) + - - + -; --2 - + .... 
,2 dT TQ 2 2. dT TQ 2 

(2.3) 

VA is temperature dependent hut YcA-B)"",,,o.., "u' was found experimentally to be 

constant to within the noise (see figure 2.16), so ~(T) = d;;!, (T). Writing equa­

tion 2.3 for VB (TQ -- lit), the measured voltage difi'erenoce, VA - VB with heat, can 

be written 

VA (Tq + li
2
T) - VB (Tq - Â.

2
T) = VA (TQ ) - VB(Tq ) + 

(dV) A.T 2 (dJV) (Il.T' 3 
+ 2· dT Tq' 2 + 31 dT3 T

q 
2) + ... (2.4) 

Since VA(T) - VB(T) is constant, the top part of equation 2.4 is just \'cA-B)"'i'" " ... , 

on the IJHS and ''cil-B)"",,,,,,,, h., on the RHS where 

To fit VA(T) we useù a polynomial of [ourth order for the range 30K < T < BOK : 

8The hot 1heMnomder f.nd cold theMnometer reCer to the one closer to the heater and the one 

closer to th~ base, respectively. 
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anù a linear fit from 80K to 150K : VA(T) = 5.1684 . 10-6 + 7.8666 . 1O-6T. The 

deviation of the measured values from the fit, 6yV = ly"'V,'····"-y/ .. 1 $ 0.7% over the 
m.-a •••• tI 

entire range. To within this accuracy, equation 2.4 has no higher orders than the 

cubic term. Rewriting '- _'lation 2.4 

where the last term in equation 2.5 is a correction to the linear expression. For 

TQ = 30K and a characteristic ~T ~ lK, this correction term is smaller than 

0.26mK, much smaller than t.he accuracy of the fit i.e. equation 2.2 is Ilot really an 

approximation in ou~ case, but essentially the correct equation. This is still subject 

to the approximations of page 35 however. 

Since TQ is not known, we start with ~~(Thot thermometer) to find t:lT so Tcold = 

Thot - ÂT. Employing new ~~(Tcold the"mometer), we find a new, recursive, t:lT which 

converges after a few iterations. Just after the first iteration, howevf!r, the error on 

t:lT at T=30K and T=40K are 10% and 3% respectively i.e for T > 40K this is 
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within the general uncertainty. 

The range 30K < T < 40K, however, suffers from another problem due to the 

much decreued sensitivity of the Cu thermometers. For a Iittle noise of '" 0.25#, V in 

VA-B' the noise on tlT is about 2X .. 'l;25. Sin ce :~ (40K) = 29p. V K-1 and ~ (30K) = 
.. r 

l1p.V K-t, the noise on AT is 0.017K and 0.05K respectively. For a tlT of 0.5K, 

this is noise at the level of 3.5% and 9% (for T = 4.0K and T = 30K, respectively). 

We see that 30K is really the lowest temperature this set-up can reIiably access. 

As for other possible corrections: 

1. The current through the Cu thermometers was O.lmA so the power generated 

by self heating varies from about Ip. W at ambient temperature to about 0.2p. W 

at 30K whereas a characteristic heder current was 0,5mA with RHeater ~ 900n 

hence self heating corrections are less than 0.4%. 

2. The thermalleak through the manganin coils was less than 1% a.t temperatures 

smaUer than I50K (page 33). 

3. The corrections due to the temperature dependence of the manganin coils (since 

we meuure the potential across both the Cu thermometer and one manganin 

coil) wu found to be less than 5% at 30K, and to drop rapidly as the temper­

ature increased (page 36). 

4. The major uncertainty comes from heat 108S due to radiation. In page 34, we 

found it to be less than 5% at T=150K (and dropping rapidly as the temperature 

decreases) . 

As a result, apart from geometrical factor considerations, the uncertainty a.t a.ll 

temperatures on the absolute value of the thermal conductivity is kept under 3%, with 

a sIight increase at the edges of the temperature range. One should note, however 

that these corrections affect aU curves in the same way. 
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Chapter 3 

Results and Discussion 

3.1 Results 

Figure 3.1 presents the thermal conductivity of aIl four samples. BeCore discussing 

the results, a few details. The six (isolated) points for the deoxygenated sam pIe at 

low temperatures were measured manually. At that stage the liquid He was finished 

(before the dewar was cold enougY. to condense the injected He) so we recorded the 

values manually, calculating the temperature drift (of the hot thermometer), and as a 

result, the error on ~ due to the drift. For sample B we lost 2 points at 43K because 

a transfer of liquid He Croze a rubber seaI. AlI points above 40K are subject to error 

of 3-4%. Below 40K the error becomes increasingly significant and the results should 

not be taken too seriously. Although our geometric factor uncertainty is 10-15%, the 

ratio of K, for the different superconducting samples is much smaller sinee it relays on 

the anisotropy of the electrical resistivity, and this was determines to within 3% [27] .. 
1 

3.2 Discussion 

Let us discuss first the a axis results. 

Using the measured resistance (fig 2.14) we estimate the Lorenz number L = 

~. Since we used the same contacts for both electrical and thermal conductivity, 
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temperatures in which superconducting fluctuations start. The solid line is a linear extrapolation of 
high temperature data. 

the geometric facior cancels out. Figure .3.2 presents the resistivity of the a axis 

using the dimensions of sample A: 1=1.3mm (distance betw(:ell thermometers) s=1.1x 

O.09mm2 • The normal state can be linearly fit to Po = -23.16 + 1.24T(pOcm) where 

the temperature T is in Kelvin. This is in agreement with the resu1ts of Gagnon et 

al.[27]. The deviation froID .he tinear fit at temperatures above 140K is smaller than 

the accuracy of the bridge with which we measured the resistance. As the temperature 

drops toward Tc, the resistivity of the sample decreases faster due to superconducting 

fiuctuations (an issue currently being investigated). 

Figure 3.3 presents the Lorenz number for the a axis. As the temperature drops 

toward Tc, the resistance decreases faster than the linear behavior (figure 3.2: super­

conducting flue '.uations) which causes a rapid decrease of La near Tc. For reasons of 

radiation corrections we couldn't meaBure reliably the thermal conductivity at tcm­

perdures higher than the fluctuation regime. If we calculate the Lorenz number using 
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the linear fit of figure 3.2, we find tha.t La = 8 X 10-8WflK-2 &round 120K, with l\ 

small temperature dependence. One should note, however, that this dependence is 

withi:n the experimental uncertainty (radiation, residllaJ. gas, etc.). Since the Lorenz 

number of the electrons cannot be greater than La = 2.44 X 10-8 WOK- 2 
, the phonon 

contribution to the a axis thermal condudivity is at least L'i,Lo R: 70% of Ka. 

The Lorenz number of the deoxygenated sample (D) is about 70Lo, so that the 

electronic contribution to the conduction is negligible compared to the phonon con­

duction. Sin ce we didn 't, reach temperatules low enough with the deoxygenated 

sample, 1 cannot present a resistivity graph that includes the transition temperature. 

This wu measuT.ed at a later time and we lound a Tc of about 30K. 

As wu mentioned earlier, severa.l authors believe that the conduction in the b 

direction proceeds via two channels: the 011.-0 chains and the OuOz planes where the 

latter is given by the conduction of the a axis. If one assumes the phonon conduction 

is isotropie, le. - "0. is eledronie only. This assumption is based on the tact that 
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the Y Ba2CU307-6 structure is only sJightly away from tetragonal symmetry, 10 that 

one can expect the sound velo city to be virtually the same along .. and along b. In 

this case the difference between Ka and K" May be attributed entirely to electronic 

conduction &long the chains. 

Under these assumption, the thermal conductivity of the chains /Ccla = K" - Ka is 

shown in fig 3.4. The normal state thermal conductivity, ie temperature independent 

and /Ccla = 2.7 ± O.12Wm-1 K-1 • As the temperature drops below Tc, the chain 

conduction ha.s a shallow minimum (similar to Yu et al. but smaller), with an increase 

&8 the temperature drops further. No clear anornaly at Tc is observed, like in ~a or 

K" taken separately. 

At temperatures helow 40K (Kch ~ 5Wm-1 K-l), the huge peak cornes from the 

precise shape of the curves of /Ca,'" With the enlarged error below 40K, the magnitude 

and exact location (on the temperature 8cale) of the peak ie lSomewhat questionable, 

so the resuIts at these low temperatures shouId not he taken too seriously. Clearly, 
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an experiment tailored for this range is needed. 

The electrieal resistivity of the ehains, Pch = -11 \-11 ' fit Po:h = 85.637 +C.00252T2 P.- p" 

l'Gem, where T is in Kelvin and ~"'···R·4-R/II ~ 2% due to instrument error (the 1·· 
"steps" in figure 3.2). The Lorenz nllmber of the chaîns, LCh = ~&lJ.., varies from l 

Lch(lOO) = 2.51 ± O.16Wm- l K- l to L ch (150) = 2.fi6 ± 0.16Wm- l K-1 • If the chain 

conduction is only electronic, the Lorenz number, to within the experimental error, 

takes its full Sommerfeld value, Lo. It should be ment' Aled here that the value of K.ch 

was obtained from two different samples. Sinee those samples were prepared under 

identical conditions, it is believed that the chain conduction is identicaJ for both 

samples. Absolute value of K.a adjusted to yield correct ratio Pa/Pb (to determine the 

geometric factors ratio). 

From the work on electrical conductivity[27], it was found that electrons are not 

scattered by twin boundaries sinee Pa.b ~ l (Pa + Pb)' Similarly, for the thermal con­

ductivity of a twinned sample, if twin boundaries do not scatter heat carriers, then 

one expects "twinned ~ TIl/".lH!".)' Sin ce we find K.ab ~ l(K.a + Kil) we can concludp. 

tbllLt phonons, also, are not strongly scattered by twin boundaries. 

As part of a collaboration witb Prof. K. Behnia, of Orsay, France, the thermal con­

ductivity of samples A and B was measured in a dilution refrigerator at temperatures 

down to O.IK. Figures 3.5 and 3.6 present K./T vs. T and T 2 at low temperaturet. 

as measured by K. Behnia and L. Taillefer in Orsay, on the same samples as used 

by us for higher temperatures. The isotropy of the T2 term in figure 3.5 (observed 

for OAK < T < O.6K, and probably due to eleetron-phonon processes) and the T 3 

term in figure 3.6 (observed below about 0.35K, probably due to phonon-boundary 

scattering) implies that phonon velocities are isotropie. Althougb at much smaller 

temperatures, this supports the assumption of isotropie "ph near Tc. From fig 3.6, 

at very low temperature there is a finite linear term in addition to the phonon T 3 

lSinee "cA is constant bui PcA is not proportional to T, the Loren. number should have a tem­

perature dependenee. Although tbis dependenee is very small, mueh smaIler than the t:rror in our 

cue, tbis ia what w,. pointed out as B weak point in the interpretation of Yu et al. (page 18). 
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terme A linear term is normally associated with eledrons Icattered by impulities. 

Since the adual vaille of "IT i. allO isotropie (to within -3%), this implies isotropie 

electronic conduction. #cc"",", in thi. case, is very small if not zero. The measured 

value of N 0.4mWK-lcm-l i. c:lole to the value of IC,IT at Tc: if one accepta that 

L. = Lo, then ".IT ~ !:o = O.25mW K-Icm-l. This me ans that the pro du ct n,r 

i. comparable for T -+ 0 and T = Te. From microwave meuurements by Bonn et 

01.[39], r(T -+ 0) ~ lOOr(Te ) in good crystals. Bence the number of (uncondensed) 

electrons, n,(T -+ 0), is about 1% of the number of e!edrons at Tc. 

The isotropy at low temperatures luggeat. that the heat is carried by the electrons 

in the plane and the chains are shorted out. One explanation for this is that rehoin < 
rpla", , u one would extrapolate from the normal date resistivity (i.e. (PO)"a", <: 

(po)e"",n)' This i. apparently in contradidion to the resuIts of 0'1 data (in microwave 

measurements by Zhang d 0/.[41]) where a fador 2 anisotropy is obtained at aIl 

temperatures above lK. The dah. on D'li however, did not go below lK. 

The existence of finite number of uncondensed eledrons as T -+ 0 wu aIready 

.uggelted by Bred} et 01.[40], however the ilotropy in our reluIts contradids their 

interpretation in which these eledrons are in the chains. 

Another question under a debate th~fie days, il what kind of superconductor is 

y Ba.20U,OT_I i.e. whether it is an I-wave or something more exotic. Finite number 

of eledrons at T -+ 0 may, in fact, argue for gap with zeros, e.g. d-wave. 

3.3 Conclusions 

Thi. work had two main aim.: 

1. Since the only two published worka on detwinned crystals have such difFerent 

resuIts (figure. 1.10 and 1.U: anisohopy VI. isohopy of the normal state, ICII 

bigger VI. .maller than ICa in the .uperconduding state), we measured two 

high quality detwinned cryatall, and imposed a smaller uncertainty on the ratio 

""/". (-3% rather than 20%). 
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Our samples appear to be of a higher quality than those of the others. We 

used thermometers inc~ead of a thermocouple so we were able to measure both 

electrical and thermal conductivity on the same contacts and hence determine 

the Lorenz value accurately. 

2. To decide between the two scenarios for the peak of the thermal conductivity 

in the superconducting state. After reviewing the argument Ci of the previous 

authors, on the one hand Yu et al. who daim this peak is due to enhanced 

electron conduction, and on the other hand Cohn et al. who attribute it to 

enhanced phonon conduction, we could not a priori, decide in favor of one !)f 

them. 

Our approach was to study the efl'ect oC deoxygenation on the thermal conduction 

to help separate the phonon a.nd electlon contributions. To this end we compared high 

quality crystals, prepared under identical conditions, with difl'erent oxygen doping 

(6=0.1 and 0.7). 

A first result, using the electrical resistivity results of Gagnon et al., was that 

phonons, as electrons, are not scattered by twin boundaries. 

Under the assumption that the phonon conduction is isotropie, 80 that all anisotropy 

is eledronic only, we found that the Lorenz numbel', in the range 100 to 140K, t"ke 

its full Sommerfeld value, Lo. This would suggest that the inelastic scattering of 

electrons (at least in the normal state) is probably not due to phonons which would 

normally give a reduced L a.t T = 0D/4. 

From the previous section, the phonon contribution to the thermal conductivity of 

the superconducting samples, assumed isotropie, is about Lai.Lp 
K-a = 5.4Wm-1 K -1, 

nearly 70% of Ka. For the deoxygenated sample, (where !if ~ 70Lo at T=100K, 

hence assumed entirely phonon domina.ted) K-deOll = 6.35Wm-1 K-t, nearly tempera­

ture independent, with 10% uncertainty due to geometric factors. This is very doee 

to the thermal conductivlty due to phonons along the 8. axis. If deoxygenatioll of the 

sample does not result in a sizable increase in phonon scattering due te oxygen va­

cancies, the near equality of the two numbers implies that the electrons and phonons 
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are weakly coupled. In other words, if eledrons and phonons &lC not coupled, then 

deoxygenation (hence removing the electronic contribution) leaves the phonon con­

tribution unchanged. In this picture, the enhancement in the superconducting state 

would be due to electrons since fig 3.1 shows that the phonon conduction, down to 

the thermal conductivity peak. at 40K, remains almost unchanged from its value in 

the normal state. 

This conclusion is invalid, however, if the increased number of oxygen vacancieR re­

sults in a decrease of K.ph combined with, and nearly compensated by, an increase due 

to weaker eledron-phonon scattering, thus supportjng the strong eledron-phonon 

coupIing ca6e. Again, if one assumes strong coupIing; deoxygenation reduces the 

phonon conduction but at the same time the amount of electron-phonon scattering 

decreases, and with our results of the normal state, the two processes nearly compen­

sate each other. As the temperature drops helow Tc, the amount of electron-phonon 

scattering decreas~s dramatically and " increases as was previously suggested by Cohn 

et al. to explain the peak. 

In the low temperature regime, we found that some eledrons remain normal even 

as T --+ 0 however wc concluded that these electrons are in the planes and not in the 

chains, contrary to what had been previously proposed [40]. 

Qualitatively, we found that our thermal conductivity results are similar to those 

of Yu et al.. As for the interpretations of the results, we cannot conclude from the 

thermal conductivity alone which of the scenarios is better. However, in favor of the 

eledronic scenario: 

1. "li - K.IJ is given very cloliely by LoT( (J'b - ua). This impIies that an important 

fraction of hea.4. in the normal state is carried by eledrons (about 30% and 45% 

for the a and b axes, respedively), 

2. " = 6.4 ± lWm-1 K-1 in the deoxygenated sample is very close to Itph = 
"a - LoTO'a = 5.5 ± 0.9Wm-1 X-1 in well oxygenated sample. This suggests a 

We 'k eledron-phonon scattering (at least plausible). 
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3. Assuming L = Lo at all temperatures, the curve of K.e/T looks a lot like the 

peak in O'l(W) versus T (figure 1.13): a) it has the same position, about 40K, 

and b) same height i.e. ~(peak) ~ 201+(Tc), and ~(Tc) ~ ~fL' -+ 0). 

Each of these qua.ntitative results, which are independent one from the other, 

can be a. coincidence. The immediate question is whether it is possible to have 

four independent coincidences? 

This question, however, ca.nnot argue strongly in favor of the electronic scenario. 

In order to decide for one scenario or the other, one should carry out more experi­

ments. 
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