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Statement of Originality

The work presented in this disserta.tion has rnade a noticeable contribution to scien

tifie knowledge. Here is a brief sunlIlU'lry of Iny original l'esearch:

• The systematic stucly of nlagneric field effects on qllasiparticle transport in an

unconycutional ~llperCollduetor provides irnportant infol'nlC.ltion on the super

conclucting gap. In particular. the law tenlpel'ature experiments probe the local

the pa.railletl'rs \\"hich dictate qUè1sipartide properties. Furrherrnare. the study

of the l'ole of irnpurities in a magnetic field has re,'ealed that llni\'ersal trans

port is lost in thl' presence of a field. and that tl'eatrnent of Zn in1purities in

the strong scattering lirllit is indeed the right one. These results unambiguously

n~rify the population of extendcd quasiparticle states predicted five years aga.

This study was perfornH.'d at the s,tIne tirne as the cle,'eloprnent of the d-\\"ëlve

theory of quasiparticle transport in a rllagnetic field. \Vith far-reaching rnutual

benefi ts.

• In zpro fipld. [ han) found that the lu,," tenlpf'rature anisotropy ln tlw Ilf'lat

conduction of \13a'2CIl:~07'_,) is slualler than that in charge conduction, This

discOH)ry has let! to sc\'eral theories of transport anisotopy between the planes

and the chains.

• As for CPd:,!Ah. the theory has so far only reached et qualitative level. Still.

there is e,'iclence for a residual nornlal fluid at T = o. ~Ioreover. on the basis of

nlY rueasurerllents on single crystals. it is already possible ta elinlÎnate several

arder pararlleter candidates.

A nurnber of publications are associated with this thesis. which l list below:

• ~Iay Chiao. Benoit Lussier. Brett Ellnlan and Louis Taillefer. Heat conduction

in the heavy fermion superconductor UPd2Al3 • Physica B 230..232. 3iO (199i).

• ~Iay Chiao. R. \\". Hill. Christian Lupien. Bojana Popic. Robert Gagnon and

Louis Taillefer. Quasiparticle transport in the vortex state of YBa2 CU3 0 6.9 •
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• ~Iay Chiao. Brett Ellman. Robert Gagnon and Louis Taillefer~ Anisotropy of

Low temperature heat transport in YBa2 CU3 06.9l in preparation.
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Résumé

A basse température. nous avons utilisé la technique de la conductivité thermique

pour effectuer une étude de quasiparticules électroniques dans les supraconduc

teurs non-conventionnels. centrée sur CPd2 .-\h (un fermion lourd) et YBa2Cu3OT-J

(un cuprate à haute température critique). ~ous présentons aussi une revue des

expériences qui peuvent sonder la densité d·états.

\"ous el"ons réalisé des rnrsures de l'anisotropie entre les ê.L'Xes b et c d·CPd2Ab.
Pour les deux cas. nous axons l'è\'idence des quasiparticules résiduelles. En conlparant

nos résultats à des calculs. on trouve trois candidats possibles pour la sytuétrie du

gap. de synlétrie .-t Ly • E·2u ou ELy.

Le paratnètre d'ordre de symétrie d.r:~-IJ;'! est bien établi pour YBa2CU30j-J. Cne

!;tude de l'anisotropie entre les axes a et b à basse tenlpérature démontre un ternie de

nature électronique. pré\"ue par la théorie. en accord avec les nwsures de la longeur de

pénétration. Le n'lIeur dp l'anisotropie, 1.3±0.:3. est plus faible que l'anisotropie dans

l'état normal. Ceci indique que la conductivité à basse ternpérature est supprirnée

par la diffusion par des inlpuretés ou par les effets de localisation.

\"OllS a\'ons effectué des mesures de Lonductivité thernlÏque sur des rnonocristaux

d·YBa:!{ZnrCll1-.r:hOT-J tln fonction <fun champ olagnétique. Pour les cas x = O.

0.006 et 0.03. le ternle électronique 1"\.o/T augmente a\·ec le chanlp nlagnétique. ce

qui dénlontre l'existence d'états étendus de quasiparticules à cause de \"ortex. En

Lonlparant avec l'échantillon pur. l"augrnentation de 1\o/T en fonction du charnp

appliqué est supprinlée pour les échantillons dopés a\'ec Zn. L 'ordre de grandeur de

la réduction est en accord avec la théorie. ::\os résultats confirnlent la validité d'une

approche "diffusion résonnante par les inlpuretés" . ,-\ussi. notre excellent accord avec

les mesures de la chaleur spécifique renforce la théorie de l'effect Doppler dans rétat

de \·ortex.

\ï



•

•

•

•

Abstract

.-\t low ternperature~ we have used thernlal conductivity as a directional probe of

the residual nornull fluid in t\\'O superconductors. CPd2_-\13 (a heavy fermion) and

YBa2CU30j-J(a high-Tc cuprate). By extrapolating our measurements to zero tenl

peratllre. we can shed light on zero energy- quasiparticles and the structure of the

superconducting gap,

For both superconductors. we re\·iew rneasurernents pertaining to the density of

states. In the case of the hea\'Y fermion supercollductor CPch.-\b. we have round il

finite anisotropy betwl1cn h ê:L~is and c axis heat conduction. which excludes those gap

structures with only zeroes along c or in the equatorial plane of a spherical Fermi

surface: however. our results are consistent for t\Vo line nodes equidistant from the

equatorial plane. as in the A Lg gap. Comparisons to theory cleveloped for CPt3 sho\v

qualitatin" agrpelllt'nt with r\Vo hybrid gaps with strong spin-orbit coupling. of E'2IL

and Ely sYIIunetry.

For YBa:!Cll:\O;-_,j. becëluse the gap syrnnletry has bcpn established as dx~_y~.

wc can go Illtlch further as regards a quantitative analysis. The anisotropy in the

thenllal conductidty was nleClsured along bath high sYlurnetry directions . .-\ residual

T-linear terrn in l'i.(T) was ùbsen"ed in both directions. In the CuO:! planes (JI la)

the nw.gnitudl' of the rpsidual normal ftuid conduction is perfectly consistent with

thp tenlperatllre depenrience of the penetration depth. within the theory for a d

wa\"e superconductor. The ,·alne for Jllb is slightly larger. yielding an anisotropy

ratio of 1.3±ü.3. This is considerably weaker than that obser\"ed in the nornlal state

resisti\"ity. pointing to a suppressed hent concluction by quasiparticles in the chains!

either due ta strong defect scattering or a gapped excitation spectrum.

\Vith the application of an external nlagnetic field (up to 8 T). we can study the

effect of \'ortÏces on quasiparticle transport. The residual linear term increases with

field. directly reflecting the occupation of extendecl quasiparticle states..-\ study for

clifferent Zn impurity concentrations re,·eals a good agreement \Vith recent calcula

tiops for a. d-wave gap. The magnitude of the suppression indicates tha.t Zn impurity

scattering needs to be treateel in the resonant impurity scattering linlÎt. until now

an un\"erified assumption. Together with specifie heat measurements~ \ve obtain a

quantitative measure of the gap near the nodes .
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1 Introduction

The study of supereonduetivity involves a collecti\'e effort on the part of physi

cists. eherni:5ts and materials engineers alike. The technological stalwarts of super

conductidty are Onnes' (1911) discovcry of zero Plectrical resistance in Hg below

sorne critienl transition teluperature Tc (Fig. 1.1) and :\Ieissner and Ochsenfeld~s

(19:33) obsernttion of cornplete magnetic field exdusion below SOIne critical mag

netk field He. Then caIne the type-II superconcluetors. through which magnetic flux

l'an penetrate by means of flux tllb(~s. frolll Hel up to an upper critical field He'!.

ahove which there is no superconductivity (sec Fig. 1.2). Fllrthernl0re. the flux tubes

eëlch carry il quantum of flux {Pl} = ~~. and are arranged in a lattice predicted by

.-\brikoso\' (19.Si). \\ïthin cach unit celI of the flux lattice. there is a \'ortex of super

curn'nt which conCPllrrates the Hux at the Cf'ntre. Since type-II sllperconductors can

carry high critical currents. sP\'eral applications were realized after their discovery~

sueh as superconducting rnagnets which can procluce constant fields up to 23 tesla.

.-\nother irnportant application is the use of sl1percondl1cting quantum interference

deYicps (SQL"IDs) to rneaSllre 5n1a11 changes in magnetic fields ("'-' 10-1><1>0). SQCrDs

a.re acth'ely enlploycd in a nunlber of fields reqlliring extreme sensitivity. fronl brain

inutging ta IIlè:l.terials research..-\lthollgh the scarch for room temperature supercon

cluctidty has sonlewhat given way to pure scientific interest in a complex problenL

higher values of the critical transition temperature Te rernain a tantalizing goal.

\\ïthin half a decade of its disco\-ery. there was a coherent understanding of

superconducti\'ity thanks to the successful microscopie theory of Bardeen~ Cooper

and Schrieffer (1957) (SCS) based on electron pairs with zero net monlentum (Cooper

pairs) which unclergo condensation below sorne critical tenlperature Tc. In the ses
model (a specifie form of the nlore general SCS theory). the attractive interaction

between electrons is mecliated by phonons: one electron interacts with the lattiee

and deforms il. 50 when another electron cornes along~ it takes advantage of the

defornled lattice by adjusting itself and lowering its energy (see figlattice. This leads

ta a ground state separated from the excited states by an energy gap ~~ where 2~

is the energy required to break a Cooper pair and create two quasiparticles.
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Figure 1.1: Re:::ist i\'ity of Hg as a function of temperature showing the transition ta the supercon
dllcting state tirs!. measured by Onnes (1911),
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T

Figure 1.2: ~Iagnetic field phase diagram showing the ~Ieissner state in which there exists flu..x
expulsion, the vortex state in which flux can penetrate through flux tubes and the normal state in
which magnetic flu..\: can fully penetrate.
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Figure 1.3: .-\. cartoon of the t~-ph interaction via the lattice that leads to the formation of a Cooper
pair .

.-\ Inore phenolncnological approach. the earlier theory of Ginzburg and Landau

(1950). was found ta be a liIniting case of BCS near Tc by Gor'ko\" (1959). This nlé:lCrO

scopie theory was nlOre suitable for problenls in\'ol\'ing spatial inhonlogeneities. For

a tirae it seenlfld as though sllpercondllctÏ\'ity \Vere wellunderstood. llntil the clisco\'

cry of CeCu2Si'2' a hea\'y fonnion supereonductor (Steglich et al. 19ï9). Xornutlly,

lnagner.îc ions with f electrons act as pair breakers and hence destroy superconduc

ti\'ity. Howe\·er. in this cast'. the itinerant f eleetrons are responsible for a linear

specifie hettt tflrnl orders of magnitude leu'ger than in other nletais. implying carriers

of enornlOUS nH1SS ,..... 1000 rTl e •

Heu\'y fernlÎons are particularly intriglling owing to their proxiInity to ruagnetic

instabilities. Superconclucti\'Ïty aiso exists in [Bel:}' CPt]. [RU2Sb. CXb.-\b and

CPd2 AI:3• whm;e Honnal states l'an aIl be clescribed by Fermi liquid theory. However.

other hea\'y fernlÎons haxe been discovered which challenge our understanding of

ruetals. Cern]. CePd2Si:z and Ce:\"i2Ge2 are aIl superconcluctors. although the first two

only unclergo a superconducting transition under pressure, By tuning the magnetic

interactions with pressure. it is possible ta suppress the antiferromagnetic transition

(or \"éel) temperature T.v to 0 K. at which point a quantum critieal transition occurs

and superconduetivity can exist (.Julian et al. 1998~ ~Iathur et al. 1998. Grosche et

al. 1998). At this critical pressure. the tenlperature dependence of both resistivity

and specifie heat display non-fern1Ï liquid characteristics. namely p is doser to linear

than quadratic and c is logarithlnically divergent rather than linear. These fascinating

metais will continue to play a major l'ole in research in the years to come.

That supercondu~ti\'ity is magnetically mediated is highly suggestive! and ln



Table 1.1: Basic properties of se\'eral families of high-TL• cuprate superconductors. In the bismuth.
thallium. and mercury compounds. the number Tl of CuO:! planes per unit cell can take on any
value between 1 and .1. where the highest Tc: is reacheJ for n =3 in a11 three ca:ses. The data are
l'rom :\[aple (1998). \Valdram (1996. p. 223). and references therein.
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Conlpound

La2-.rSr.rCuO.l

YBa2Cu:~ 0-;'-6

BbSr'lCa,. -1 CUnO·2n .....l~.i

Tl2Ba2Can -1 CU rl 0'211"1""'1+,)

HgBa'lCan-l CU n 0 271 - 2+.5

:\cl:! -.rCe.rCU0 -1-.5

nlClxirnurn Tc

38K

92K

110K

1:22 K

133 K

25 K

1 INTRODUCTI01V

not perfectly tetragonal 
oxygen chains in CU01-J
layers

highest Tc known so far 
up to 16-1 K uncler pressure

electron doped cuprate
superconductor

•

•

fart thi~ rHay wdl extend to other strongly correlated systelns as weil. such as

the high tenlperature ~upllrconductors. which exploded anto the field with the dis

CO\'ery of high-ternperaturc oxicle superconductors by Bednorz and .\lüller (1986L

which increased the highest known Tc by about l:2 K..-\ year lëlter. the discovery

of YBa2Cu:30j-.l (\ru et al. 198ï. HikaIlli et al. 1987. Zhao et al. 198ï). with a Tc

accessible by liquid nitrogen (7'i K) cooling (rather tha.n expensive "He at -l K).

rc\·olutionized the field. The Y (yttriulu) can be substituted br other rare carths

~u('h as La. ~(l. Srn. Eu. Gcl. Ho. Er and Lu: r.arrier concentration can be adjusted

by oxygen doping from 6.0 to ;.0. with YBa2Cu306.0 an insulator. Each unit cell

of YBCl2CU30-;'-J contains t\Va coppel' oxide (CU02) planes stacked along the c-a"(is~

\Vith CuO chains running along the b-direction (see Fig. -l.I). The superconducting

properties are thought to be dominatecl by the planes. with the chains acting as

charge reser\'oirs ta control the carrier density in the planes (Tinkham 1996). Table

1.1 lists sorne of the other high-Tc rnaterials which are eomlnonly studied.

Currently~ the central question in both hea\'y ferTTlion and high-Tc superconduc

ti\"ity concerns the nature of the superconducting pairing mechanism. There are many

parallels. in faet. bet\veen these seemingly different materials. Considering that high

Tc research has been extremely intense~ and that the order parameter sYlumetry in

the euprates is believed to be known~ the rernainder of this introduction will Cocus
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on the high-Tc systems.

50 far. we kno\\" high-Tc superconductivity in\'ol\'es Cooper pairs since the usual

flux quantunl <1>0 is observecl (Gollgh et al. 1987). as weil as the ae Josephson effect

frequency of :!~1\' (Esteve et al. 1987). Ollring the first few years of investigation!

it seenlecl as if S-Wc1\'e pairing (gap has full synlmetry of llnderlying crystal) could

J~::icribe high-Tc in addiliull lu CUll\"euLiuual (GeS) ::tUlJen.:ul1JucLing prupertlè5. IIû\V

c\·er. as higher quality crystals enlerged. the evidence for d-wave pairing (gap has

lower synlInetry than underlying crystal) has become rnore and nlore compelling.

For instance. nleasurernents of the penetration depth ...\. which gives the superflllid

dcnsity Ps via ...\ -'2 x p,~. show that Ps has a. linear ra.ther than exponential tempera

ture dependence at low teluperature (Hardy et al. 1993): such a strong dependence

on tenlperature indicëltcs low erlPrgy states consistent with a d-wa\'e gap. Fllrthcr

evidcnce l'OIlleS fl'onl the nuclear magnetic resonance (;\~IR) relaxation rate liTt

(Pennington and Slichtf~r 1990). Rat her than having an exponential telnperature

dependence at lo\\' tenlperatl1re. Cl power la\\' once again prevails. 80th of these tech

niques iIl\'ol\'{~ an indirect measurenlent of the symmetry of the pairing stcHe by

measuring the density of states. which can easily be affected by sanlple qllality. Per

haps the strongest evidence ta date for d-wave conles froIll Iueasurements of trapped

flux in double .Josephson jllnction dc SQllD rings combining s- and d- wave su

perconductors (e.g. Ph and YBCO) (Tsuei et al. 1994~ ~Iathai et al. 1995). These

experirnents are sensitive (0 the phases of the superconductors. and the data have

been very inlpressive and will be described in Chapter -l.

In the last few years. the technique of thermal conductivity has risen above its

reputation as a rather mundane illeasurement. Being highly clirectionaL thermal

condllctivity /\, is an extrelnely powerful bulk probe of quasiparticle excitations. At

lüw tenlperatllre. heat propagation along the direction of anode gÎ\'es us a measure of

the lo\\' energy excitations. In conventional 8eS superconductors. a finite excitation

gap ~(k) exists O\'er the entire Fermi surface 50 that 1\, goes exponentially ta zero

below O.2Tc and is therefore not terribly illuminating at low temperature. However~

high-Tc (and heavy fermion) superconductors have zeroes in the energy gap 50 that

quasiparticles in the neighbourhood of the nodes are easily excitable. In general~ high

Tc superconductors are thought of as stacks of weakly coupled CU02 planes~ so the

problem becomes twa dimensional (2D) ..-\lliow temperature transport properties are

dominated by the gap zeroes~ and we can further simplify the prablem if we assume a
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linearizecl gap at each node: the density of states also \'anishes linearly at the Fermi

surface. The signature of a linear density of states is power law T-dependenee in

charge and heat transport. specifie heat. penetration depth and nuclear magnetie

relaxation. which 1S measurably different from the exponential behaviour in pure

.-;- Wêlve states,

!rnpuritics slightly =-l!tC!' the pirture....\.n !!nplJri t :, ('an hp thn ll!?;h t of r1S smparing

out the node such that Illore than just a point on the Ferrni surface beconles exposed.

This gapless region then behcwes exactly like a nornuli Huicl and we ean use familiar

Fermi liqllid (Landau 1958) language ta clescribe the local quasipartide excitations

within rhis region . .-\.S for a nornull metai. one expeets the quasiparticle ternI in t\. to be

lilwar, It turns out that aclding irupurities (up to a certain level) has no effect on low

[l'lllperature transport. This is ct ~onseqlLence of the exact corupensation between the

loss in rnean free path due to the inlpurities and the gain in the residual nornlal fluid

density. Lee (1993) was the first ta propose this universal behaviour in quasiparticle

charge transport for a d-Wël\'e superconductor.

Rpcently. uni\'ersal heat conduction in YBa'2Cu:307-r5 was observcd by Taillefer

et al. (1997). By varying the irnpurity concentration using Zn doping~ they found

t.hat the residuallinear ternl /'l,olT (the \"alue of tï.(T)/T as T -t 0) stayed roughly

constant despite a. -lü-fold increase in the scattering rate. Furthermore. the value of

finiT was in quantitative agreenlent with calculations for a d-wave supel'canductor.

\Ve note that calculations ha\'e only been made for a heat current applied alang

the a-axis. Conduction along b ean occur through another channel: the CuO ehains.

For optimally-oxygenated crystals of high purity (cS ~ 0.1). the anisotropy in electri

cal resistivity Pal Pb can be as high as 2.3 (Gagnon et al. 1997). This is similar to the

anisotl'opy in the plasma frequency determined by far infrared reflectanee and in the

OC conducti\"ity. bath quoted as 2.2±0.2 (Baso\" et al. 1995).

Previaus attempts to measure the anisotropy of transport in the superconducting

state of 'YBa2Cu307-J have been sonlewhat inconclusive. The l'eal part of the charge

canductivity. 0"1. estimated from n1Îcrowave nleasurements of the surface impedance

and of the London penetra.tion depth combined with infrared measurernents of the

plasrna frequeney. exhibits an anisotropy of 2.-1 in the normal state which decreases

ta approximately 1.6 as T -t 0 (Zhang et al. 1994). The uncertainty is on the

order of 50%. Thernlai canductivity measurenlents have also been unsuccessful be

cause they have not been measured at low enough temperature in order to clearly
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identify the linear electronic ternl: in fact. above 200 mK. there is no indication of

any ab anisotropy (Gold et al. 199-1. Behnia et al. 1995. \Vand et al. 1996). It is

extrenlely puzzling that the anisotropy in h does not appear to agree with that in

other transport nleasurenlents. \\"e propose to rneasure several sanlples of both a

and b <'Lxis crystals to tletennine the anisotropy. if any. weIl belo\\" 200 K. This woulel

help us understand the roll' of the chains. and perhaps address the issue of whether

supercondllcth·ity exists in the chains.

Regardless of this question of anisotropy. nleasurernents of /'i.(1 (Taillefer et al.

199i") strongly \'èllidate CUITent transport theory in a high-Tc system. The observation

of universal heat conduction in YBa2Cu:J07-J has rnade a very strong impact on the

corllrllllnity. :-;pawning sc\'eral predictions and calculations of properties beyond zero

tenlperature. Since the electronic contribution to ri. in YBa2Cu:J07-J i5 don1Ïnated

by phonons. finite ternperatllre studies are difficult. if not inlpossible. to interpret in

any reliable senSfl. Thercfore. wc llse t he application of an external magnetic field ta

probe the qllélsiparticle states èlway fronl zero energy and to further test the d-wave

tlulor\'.

[n the presence of a rnagnetic field. the sllperCllrrent flow around the \'ortices

introduces a Doppler shift to the qllasiparticle energy spectrunl. Thus certain qUél.Si

particle states faIl beIow the Ferrni le\'el and extended quasiparticle states can be

populatcd. In conventional superconductors. the field leads ta localization of quasi

partiLles in the \'ortex cores which do not contribute to transport. It \Vas shawn by

Volovik (1993) that extended states increase the d-wave density of states as JH. Of

course the specifie heat ShOllld reHeet this field depenclence. but it nleasures both

localized and extended states. and has a huge la\\' temperature upturn due ta nu

clear moments. Furthermore. measurements of conventional superconductors have

also shawn a JH-dependence for totaUy different reasons (Sonier et al. 1998). Thus

thermal eonduetivity is a more reliable diagnostic tool of extended quasiparticle

states in the presence of a nlagnetic field.

Calclliations by Kiibert and Hirschfeld (1998b). which ignore vortex scattering!

show that the field dependenee of the residual linear terru in K follows a function

which roughly resernbles JH. but rises less steeply. However~ in a magnetic field,

rLo(H)/T is dependent on the impurity concentration, The expected enhancement

of li is in direct opposition to s-wave behaviour in a field. In Nb, a conventional

superconductor, the thermal conductivity actually decreases \Vith applied field be-
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cause vortex scattering is inlportant. In a d-wave superconductor. impurity scattering

dominatcs vortex scatte ring at lo\\' temperature and field.

In this work. we wish ta test the theory. in particular. the increase in Jo\. \vith

applied field. ).Ioreo\'eL by studying Zn-doped sanlples. we can observe whether the

effect of the increase is actually :;'uppressed by inlpllrities. as predicted by the theory.

If ~ h~~e ~~ff~(-'t..; ;'H·P nh,pf';pd, tngpt hPf wi t h ;.111 t hp nT hpr pvirlpn('p sn far. therp. wOllld

1"('Illain very liule dOllbr. about d-wë.l.\"e pairing in high-Tc. \Ve hope ta shed light on

the nature of scattering. by inlpllrities and by vortices and to obtain a quantitative

Illeasure of the gap near the nodes. ,-\s regards the heavy fermions. we show that

we are still in the process of elinlinating particlliar gap structures, and not uniquely

identifying the correct ones for nuions matericals.

This dissertation is organized as follows: Chapter :2 describes the theory of thermal

l'onductivity. covering transport in both zero and finite magnetic fields. conlparing

Illt'tals. con\'entional and lHlcou\'entional superconductors: Chapter 3 introc1uces the

normal and supercondl1cting states of the beavy fernlion superconductor CPd2 Al:J:

Chapter -l disl:llSSeS general properties of the high-Tc superconductor YBa2Cu:lOj-J

induding descriptions of se\peral other nleasurenlent techniques in the normal. super

concluct ing and \'ortex states: Chapter 5 co\'ers the experinlental details (cryogenies.

1l1eaSUrements. analyses): Chapter 6 deals \Vith the thermalconductivity of CPd2 A13 •

presenting sanlple details. results and comparison with theory: Chapter / reviews

the current status of heat transport in YBa,2CU30j-J. describes the samples~ the

anisotropy and the magnetic field dcpenc1ence: Chapter 8 concludes the dissertation

with il brier recapitulation of the main results .
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2 Thermal Conductivity

Thernul1 concluctiyity is a directional probe of the bulk and as such. is ideal for

inn~stigating the gap structure of unconventional sllperconductors. The existence of

nodes in the supercondllcting energy gap allows us to stucly excitations on very sInaIl

energy scales in the ncighbollrhood of these nodes. This means that heat prapagates

more casily along a nodal direction where there is no gap in the excitation spectrum.

Sc\'cral other techniques. snch as [nicro\\'a\'c conducti\'Ïty. suffer complications from

surface effects since eiectroillagnetic fields can only penetrate as far as the London

penetration depth {ord(lr 1000 A), Cnfortunatcly. besicles the electronic carriers we

wish to stlldy. phonons and magnons l'an also carry heat. as \Vell as sc~ltter the

electrons. Thus a complete interpretation of heat conduction [nust take into account

aIl the di ffcrent carriers and t heir associated scattering mechanisms.

2.1 Heat Transport ln Zero 1\!Iagnetic Field

2.1.1 lVletals

Before tackling superconductors. it is worth while understanding basic heat transport

in nletals. \\"e start with a sinlple picture based on a metal rad which is heated at

one encL and we consider oIlly the heat whieh is carried by electrons. Intuitiyely, we

expect the heat ta fla\\' toward the cold end. against the temperature gradient. The

magnitude of the thermal eurrent density jQ is the thermal energy per unit time

per unit area perpendicular ta the fla\\'. Then Fourier's la\\'. applicable ta a small

tenlperature gradient vT. gh'es:

(2.1)

where the positive proportionality constant t\. is the thermal conductivity, in general

a tensor. Following the derÎ\'ation in Ashcroft and ),Iermin (1976) using the free
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electron model of Drude. the expression for the electronic thermal conductivity is

(2.2)

l'rOlll which we see that

(2.3)

•

where L' is the rllean \·elodty. T the relaxation tinle (nleiul tinle between collisions).

Ct.' the specifie heat and t' the rllean l'nle path.

For this sinlple kind of electron gas picture. the thernlal and charge conductivities

are closely related. Ta show this. we would like ta find a sirnilar expression for charge

conductivity. An electric field E at a point in a rnetal induces a current dellsity j. 50

that

(2.-1)

•
where the proportionality constant p is the resisti\'ity of the rnetai. For n electrons

pel' unit "olunle rno\'ing with \'cloeity v. in tinle dt they travel a. distance of udt

paraliel ta v. The nunlber of electrons passing a cross-sectional area A in time dt is

n(L'Clt)A. 50 that the total charge is -n€L'Adt. Hence the enrrent is -nevA.. yielding

a eurrent density of

j = -Tlev. (2.5)

lrnnlediately artel' a collision. an electron enlerges with velocity Va plus an additional

term -eET/rn due ta the electric field. Hawever. sinee we have assumed that the

electron is going in a random direction. Vo averages ta zero. leaving vavg = -eET/ m~

or

•

.)

j = (nE-T )E.
m

In terms of the eonducti\'ity CI = 1/p. \ve now have

. ne2r
J = aE; CI = --~

m

(2.6)

(2.7)
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a weLl-known result.

Il

•

Thus far. wc IHl\'e llsed il classical treatnIent of the electrons which works arnaz

ingly weIl for Œ since it only clepends on the kinetic properties of the conduction

electrons. which do behave as Cl gas of non-interacting particles. However. the free

electron ruodel gi\'l:\s L\. = ~nkB' which is not nlClterial clependent. To calculate the

'ppdtk hpn t nt' ;). mpr~, 1. i t i...; fl/ l {'C" "';'l ry t () irwilldfl t hfl Pauli pxdusion principle and

use Fermi-Dirac ~tatistics for the density of states. ):ow we can only have two elec

trons. of opposite spin. in each encrgy le\'elllp to an energy calleel the Fernli energy

~F' Thus in k-space. aU the grouncl state electrons lie within the Fermi surface.

Excitations out of the ground state wiU have il velocity L'F' Csing this mode!. we get

(2,8)

when' .\",.. is the DOS at the Ferrni surface.

\"ow we can \\Tite down the Snnulwrfeld value of the Lorénz nunlber. Lo. using the

\ \ïedemann- Franz law (\\'FL) l'clat ing heat and charge conductivities. This intinlê-lte

relationship betwcen that two quantities we later wish to test in the superconducting

state. First we nlust nrst replace the nlean electron \'elocity L' used above with the

Ferrni \-elocity CF:

• aT

l .:2 _,
JI. FI (t'

.) /ne-T fTI

'J 1.
ii- /'l'B)'}- ( -- ---
3 e

= 2...l5 x 10-8 \VnK-2

(2,9)

•

which is accurate for many [netais such as Au. Cd and Pb (Kittei 1986). Departure

fronl the \\"FL is usually due to e-ph scattering.

50 far. we have only covered electronic heat conduction. Phonons also carry heat

so they nnlst be taken into consideration. \Ye will concern ourselves with the low

tenlperature characteristics when T « 8 D. where eD is the Debye ternperature

within the Debye mode! of lattice vibrations. The basic assumption of the Debye

model is that there is a eut-off frequency to the phonon dispersion ;.;",' = Vphk (we

reserye the more common Us for superflow velocity later on), sa modes above sorne

Debye wavevector k D are not allowed. This makes the density of states easy ta
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calculate. and the well-kno\\'n total phonon energy is given by

T . j'ID x3

[P = 9.Vk B T( -8)3 dx--
- 0 0 eI

- l
(2.10)

where .V is the nunlber of atorus in the speciluen and .r D = 8 o/T. FroIll this ex

nression. the specifie heat (at constant volunle) is easil)' obtained:

At n~ry la\\' teluperatUl'e..fO -1' x and the integral in Eq.(:2.10) beeonlcs ~~ 50 tha.t

the phonon specifie heat beLornes

• 12 -1. T:3 - T:l - l ~ - l
Cph = -:-;T .\ ka(-8 ) ~ 19~-l( -8 ) .Jnloi h. .

.) -D -0

(2.11 )

(2.12)

•

This expression is usually ntlid up ta at lcast 10 K in metals. and since we work well

bdo\\" this tenlpl1rature, wc need not worry about higher energy phonon nl0des.

If wc considel' the phonons as agas diffllsing through a material. our earlier

expression for eleetrons still holds. and 50 for phonons. the thernlal conductivity is

gin~n by

(2.13)

where now the relevant para.meters are the sound velocity L'ph and phonon mean free

path .\ph' This T 3 clependence occurs when phonons are limited by a temperature

itH.lepentient nlean free peuh. such as grain size or sampIe size.

2.1.2 Conventional Superconductors

8efore we sta.rt talking about unconventional superconductors. we had better define

what a canventional superconductor is. In fact. the basic assumptions of the ses
theory are general and have been applied ta heavy fermion and high-Tc supercon

ductors as weIl. At the heart of ses theory lie the Cooper pairs-pairs of electrons

• of opposite spin and momentum~ kt and -k.j... The pairing of the electrons and their

condensation to the ground state occur simultaneously al Tc, \Vith aU pairs going inta
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a wayefunction of the saIlle phase. 1 .-\s Cox and ~[aple (1995) put it. "rather than

perfornling a 'tango' in the superconducting state. the electron pairs participate in

Cl 'square dance'. exchanging partners on Cl. tiIne scale of order Tc = n/(kBTcf". The

coherence length ~o = l.'Fic is of order 1000 A in :\1 and 15 A in YBa2Cu;jOï-J.

Below Tc. aIl electrons are bound in pairs. in identical t\\'o-electron states.

\{1(rl~l' .... r.v:;s) = o(rl"L. 1':282) '" O(I'S-LSS-L' ,..\'s.v). These electron pairs should

not be considered as independent particles. for the stability of the state depends on

their spatial interlocking. In arder for the wavefunction \li to obey the Pauli exclu

sion princ:iple. i.e. \{J changes sign uutIer exchange of spin and orbital labels. it nlust

be cxplicitly antisyrnnlctrized. The superconducting gap function ~(k) is related to

\{1 (,.) by a Fourier transfornl. Thus an isotropie \{J (r). as in 8-Wé.l.Ve pé.l.iring~ gives an

isotropie gap ~lk).

:'\0\\' the ses modd is a specifie fornl of the theory. where the e-€ correlation is

rucdiated b~' phonons and the pair wa\'(~funetionsare singlet states t,J... Furthernlore.

the energy gap is assullled to 1)(\ isotropie. \\ïthout getting into details. wc write

clown the fanious ses grollnd state wi:lvefuI1etioI1 and then show the results for a

weak-coupling superconductor. \\-e begin \Vith the wavefunction:

• j\[I) = Illuk + L'kC~ic~kJIO)
k

(2,1-1)

where IUk 1
2 + 1L'k r! = 1. The probability of a pair (k t. - k -l.) being occupied is

Ickl:? and ulloccupied is IUkl:? = 1 - IL'kI 2
. Thus the ground state. whose energy is

lowered if the states (k t. -k .J..) are both occupiecl or both unoccupied. is completely

eharacterized by {Uk' L'k}'

Excitations out of the gronnd state behave as fermionic quasiparticles \Vith energy

Ek = J 5'~ + ~~. where 5'k is the kinetic energy above the Fermi energy 5' F and

~k = - L \kk,UkIL·k/.

k '

(2.15)

•
l The reason aU pairs go into the same phase is that the phase CV and electron number ~Vf! obey

an uncertainty relation just like the conjugate variables position and momentum. Le. D..q)!~lVe ~ 1.
\Yhen the system undergoes a superconducting transition which requires that ~et> be small, forcing
~J.Vf! ta be large, charge conservation is violated in the superconducting state (Tinkham 1996),
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where \kk' is the interaction strength. \Vhen this ternl is negative (attractive inter

action). it is energetically favourable for pairing ta occur. 50 the ses model sets

. {- \. if I~kl and I~k'i ~ ni.J.-'c
\ kk' ==

o otherwise
(2.16)

where tz .....'c is a cllt-off energy. (Siluilarly. ~k == ...). is isotropie.) In the weak-eoupling

liIllit. .\"0\' « L. ~ ;::::; 2tz......·ct-l.tS,J\·) where .Yu is the DOS at t!le FernlÎ level. .-\t

T = O. the value of the gap is given by

-lo = 1. ï6-lk B Tc • (2.1 ï)

• The presence of a flnite gap O\T'r the Ferrni surface means that for E < ~. there are

no states. or

{

\
• E
·l.~

S( E) = 0) d,--~-
(E> -l)

(E< -l).
(2.18 )

•

•

In Fig. :2.1. we see the effect of the DOS Oeft) on the specifie heat (right). The specifie

heat jllrnp at Tc is 1.-13 tilues the size of the nonnal state specifie heat at Tc. c(T) ex

hibits aetinned low tenlperaturc behaviollr. as e-~I(kBT). Since li ~ J dE .V(E)Î(E)~

it also dies expollentially at temperatllres n111ch below TC' .-\S T -t O. the scattering

tinle diverges since there are fewer and fewer states into which to scatter. but since

the DOS is zero. ri, goes to zero.

The theOl'Y of Bardeen. Rickayzen and Tewordt (1959) describing thermal conduc

tivity in conventional superconductors. based on the BeS model. very well describes

the interplay of electrons and phollons. \\'e sho,,' in Fig. 2.2 alunlinunl data which

closely follow the calculation of Bardeen. Rickayzen and Tewordt (1959). demon

strating the suecess of BCS theory. Since these superconductors are generally met

ais. the electronic contribution to ri, clominates near Tc. By about O.2Tc or O.3Tc
the phonon contribution dominates. Such are the qualitative features of a. two-fluid

nlodel. in which the normal electrons carry heat and scatter phonons but whose

numbers decrease exponentially with temperature (in the superconducting state).

'Vith the reduction of normal electrons cornes the growth in K.ph' For high quality

samples. phonons are mainly limited by electron scattering (at higher ternperature)
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N(E)

E

c(T) 1

Tc T

Figure 2.1: Dcusity of states tleft) and specifie heat (right) of a classie ses :mpereonducror. The
preSl![lCe uf the gap leads to activated specifie heat at low temperature.

~ 1.0

o - AI-26
• -AI-4~
0-0.1-3660

t.O

.9• .s

.1 2l!<)~Ol.3.C ~ 7~

.6 .-

1;

~~
Il

.4
j

.3

oZ -

•
Figure 2.2: Xormalized thermal conductivity of three samples of .-\1 (after Satterthwaite (1962)).
Despite the differences in purity. where RRR goes from 26 to 3660, all three data sets lie close to
the .l = 1.76kBTc curve.
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and boundary scattering (at lower telnperature). In impure samples, the data in

Fig. 2.2 show that the thernul.l conductivity is Ilot sensitive to impurity concentra

tion. even when Po is decreased by a factor of 100. This is because the presence of

Cl non-nlagnetic inIpurity in a cOll\'entional superconductor has no effect on the gap.

Snch inlpurities do not break pairs. \Ye will see in the following section that this is

not the case for uncon\'E~ntioIlal superconductors.

2.1.3 Unconventional Superconductors

[n dassic superconclnctors. the arder paranleter can be expresscd as ~k = <Pkeit,?

where (Pk has the full synlnletry of the lattice. \Vhen rD is fixed. as when aIl the

l'1ectrons collapse into the saIlle ground state with the same phase. symluetry is

broken. By uncon\'entional. wc mea.n that ~k = r]kell:> where Th has a lower symnletry

than the lattice, i.e. therc are additional brokcn synlnletries. \Ve sketch nuious gaps

for CPt:1 (in Fig. 2.3), fronl which wl' sel' the presencp of nodes in all but the isotropie

.'\-Wë:l\·e gap in the top Ieft. In L"Pt:~, the siluplest candidate gap structures are based

on an ellipsoidal Fernli surface (Xarnlan and Hirschfelcl 1996a. Xorman 1996b), A

polar gap has a line of nocles along the equator. an ~L';:ial gap point nodes at the

poles. a tropical gap t\\'o line nodes equiclistant l'ranI the equator and a hybrid gap

bath line and point nodes with the gap approaching zero at the poles either with a

linl'ar (type I) or quadratic (type II) k-dependence .

\Vhen the superconducting gap has zeroes, there are iruportant consequences

for quasiparticles with rnomentuIIl in the \'icinity of these nodes, The signature of

an order parameter having nocles is power la\\' T -dependence in charge and heat

transport. specific heat. penetration depth and nllclear magnetic rela.'(ation~ which

is \'cry different from the activated beha\'iollr in pure s-wave states, In facto the

obser\'èltion of non-exponential beha\'iour first alerted researchers to unconventional

gap structures with reduced order parameter symmetry,

For a supercondllctor with an arder parameter having a line of nodes on the

Fermi surface. the siIT'plest example of which is the polar gap~ the DOS is linear

in the excitation energy, i.e, states exist for E < ~-previously unallowed~ Such is

believed to be the case for UPt3~ with a Hne of nodes in the basal plane PF: = 0 and

also point nodes at the pales PFI = PFy = 0: point nodes which are linear in k give

Cl DOS ~V(E)x E 2 while point nodes which are quadratic in k give lV(E) oc E, For

CPd2:\13~ there has not been much theoretical analysis~ though N~IR measurements
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isotropie
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+
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•
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Figure 2.3: .-\ few gap candidates for CPt:! (and l·Pd'1.-\.l:J)' From the clockwise from the top left.
wc have an isotropie gap. a polar gap. an axial gap. i.l. hybrid (of polar and a.xial) gap and a tropical
gap (so-called since in l·Pt.! the line nades occur at ±23 dcgrees. i.e. at the trapies instead of
the equator). There are two types of hybrid gaps under consideration. whose difference lies in the
k.c.lependence of the polar nodes. The hybrid-I gap. of Ely symmetry. approaches the Fermi surface
with a linear k-dependence. whereas the hybrid-II. of E'1u symmetry. does 50 as k~.

suggest il line of nodes (Kyogaku et al. 1993): we will need ta modify slightly the

[Pt:! C'alculations. In the case of YBa:!Cu:J07-J. the gap is thought to \'anish at four

points on the two-dirncnsianal Fenni surface (see Fig. 2.-1). Quasiparticle excitations

at these nodes shoulcl alsa have a linear dispersion: hence the DOS is linear in energy

near the FernlÎ surface.

Impurities alter the la\\' tenlperatllre DOS by introducing an impurity band whose

wiclth ~( is a ne\\" energy scale relevant to alllow-energy thermodynamic and transport

properties in superconductors with gap zeroes (Hirschfeld et al. 1986. Schnlitt-Rink

et al. 1986. Graf et al. 1996). ~i grows with the impurity scattering rate r. in a. way

which depends strongly on whether impurities act as Born or resonant scatterers. Tt is

canvenient ta define the notion of '~clean" and ·~dirty~~. because in the historical sense.

clean refers to e> ç and dirty refers to e< ç: thus extreme type-II supercanductors

at law temperature are always in the clean limit (e.g. e "J 10000 A» ç "J 10 A
far \~Ba2Cu307-J)' A more relevant definition of the dean limit is when ~I < T «
~. where .V(E) "-' E and calculations do not need ta be done self-consistently.

This means that at very low temperature~ we are in the dirty limit T < ....{ where
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Figure 2.4: The two-dimensional tetragonal d-w<1vf! gap ~ocos(2o). \Vith zeroes at ±7'i/ -l and
.=37ij-!. At low temperaturc. wc etfectively zoom in at anode where the gap is linear in k .

"dirt" breaks pairs and the DOS departs fronl linearity below ~, and renuüns roughly

constant as T -1- O. as dcnlonstrated in Fig. 2.5. This fiuite DOS at T = 0 produees

et residllal nonnal Huicl of zero-energy quasiparticles deep in the supereonducting

state. The properties of this residual fluid are like those of a nornlal Fermi liquid.

in that the thennal conductidty of these quasiparticles is expected ta be linear in

tenlperatllre .

From here. we take the 2D d-wé.lve gap as our basis for the following development

of the theory. since our ainl is to quantitatively explain \~Ba2Cu30ï-Jdata (a quan

titative description of heavy fermions lags far behind). Quasiparticle rela'(ation time

T has been calculated for different scattering strengths cot 60 "'V l/U where Jo is the

scattering phase shift and L~ is the inlpurity interaction. For Jo = O. which is known

as Born scattering. we have

clean
(2.19)

dirty

where the very small impurity band in the dirty limit means that impurity effects

• do not affect the DOS until very low energy seales (see Fig. 2.6). \Vhen kaT < "'f~

we caH this the ;;gapless~' regime. For ma.ximum seattering phase shift 60 = 1i"/2, aiso
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Figure 2.5: The den::;ity of ~ta.te::; S(E)/So a::i a function of reduced energy El~o (see Sun and
),[aki (l99.j)). For r = 0 (soHd line). we have the dean limit re~mlt. but when r is fini te. the DOS
increases. up to ,jOlfr of the normal state value when r ::: OAT.... Although unmarked. -r corresponds
tn the en('r~y scale below which tilt' DOS CUfves away from linearity and remains finite down ta

T =0.
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Figure 2.6: :\ormalized in-plane thermal conductivity "'II/T. after Graf et al. (1996), for (a) fL"{ed
scattering rate a: = 0.01 (r = ü.ü3TJ and varying scattering cross-section if =sin260 ' Born scatter
ing corresponds ta jj =0.0 and resonant ta jj = 1.0, for (b) fi..xed phase shift <50 = ii/2 and varying
scattering rates, showing an increase in Kll/T \Vith scattering rate.
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r/Tc:=O.O l,c=O
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Figure 2.7: Impurity scattering rate 1/( ... r:.) \'S rt'duced frequcncy ...:/~o for f/Te = 0.01.0.001
and c = 0 (Jo = ;;/2) (solid tines) and riTe = 0.01. c = 0.02 (Jo = rr/6) (dashed tine) (from
Hirschfeld. Putikka an,l Scalapino (199-1)). For energy less than ~{. L/r - ,.: for weak scattering and
L/T - L/:,;..· for strong. rl'sonant scattcring.

L:alled resonant or unitarity scattering. we have (Ki.ibert and Hirschfeld 1998b)

• ~::= {f/( ...:ln
2

•.•.:) clean

T ~,::=0.61V....lof dirty
(2.20)

where no\\' gapless bellê.l\·iour occurs over Cl. larger temperature/energy range. In

Fig. 2. ï. the soUd Hnes represent the impurity relaxation rate in the unitarity limit

c = cotJo = 0 and the dashed line represents a weaker phase shift Jo = ii/6. Taking

~Jl = 3k B Tc sinullates strong coupling (weak-coupling BCS gives ....la = 2.1-lkB Tc )'

\rhen the gap approaches zero with Cl lineal' k-dependence~ we can concentrate

on the linear nodal region and forget about the structure of ~k a\vay from the

node. In other words. we linearize the gap. as depicted on the left-hand side of

Fig. 2.8. Quasiparticle excitations can then be described by the Dirac spectrum

E(k) = J~~ + ~~ = nJ(uf k t )2 + (V2 k2)2 where (kt~k2) defines a coordinate system

whose origin is at the node. \Vith kt a vector normal to the Fermi surface and k2

• tangential: the slope of the energy gap S = d~/dk = hkFV2 (Lee 1993). Thus the

quasiparticle energies are confined to a cone~ as shawn on the right-hand sicle of
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Figure 2.8: On the lcft. the linearized gap ..i ...... k. whose slope d~/dk ..... [,'2. On the right. the
quasipartide energies lie on a cone. defined by E(k) = J~i + ..ii = ;~ J( L'fkd2 + (L'2 k2)2 •

Fig. ~.s.

[n the l'lean linlit. we have already nwntioned that .V(E) '" E: the full expression

for .V(E). in terrilS of L'f and /:'2' is

Since wc want ta describe the zero temperaturc reginle in which irnpurity scattering

dominates. the quantity of interest is the residual density of states in the presence

of irnpurities. which is approximately constant for T < ~(:•
_ ~ E

.\(E) =-'l-'

iitz- L'FL'2
(2.21)

(2.22)

•

This finite DOS leads to univeTsal (independent of inlpurity concentration) charge

transport in the basal plane at T = O. since the growth in the residual normal ft.uid

density exactly compensates the decrease in mean free path as the scattering rate

increases (Lee 1993). \ 'cry roughly. we have

(2.23)

which is the just the nunlber of residual carriers times the energy transported times

the lifetime. Putting the last two expressions together, we get the charge conductivity
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e2 2 L'F
aoo = ----.

2iih iï L'2
(2.24)

:\ote that universality in transport is a consequence of the d-wave gap being linear

at a node. and depends onl:\" on the ratio L'F/L''!..

Since the pioneering work of Lee. others have investigated llniversality in bath

charge and heat transport lSlln and ~laki 1995. :\ornlan 1996b. Graf et al. 1996). In

the work of Graf and co-workers. they haxe used a combination of the microscopic

theory of superconductivity of Bardeen. Cooper and Schrieffer (195 ï) and the Fermi

liqllid theory of Landau (1958). coined the lj'uasiclaBsical theory of S'uperconduct'ivity

• by Larkin and O\'Chinnikov (1968). Then llsing linear response equations for K, and

(J (in the long waxelcngth linlit Cl ~ 0) at T -1' O. it was found that the residual

nonnal fiuid obeys the \\ïedenlann-Franz law. i.e. deep in the superconducting stë"lte

a simple relationship between ,.,~ and G is reco\·ered. Hence the thennal conductivity

as T -1' 0 in il d-\\'a\'e superconductor should also be universal. and given by:

l'loo k~ L'F
-T = LoGoo = -Ii -T1.

3 l C'!
(2.25)

where 0"00 is the unh'ersal charge conducti\'ity per conducting plane. Lo =

• {7j'2/3)(k B /e}'2 is the Sonlnlerfeld value of the Lorenz number and n is the num

ber of CuO:? planes stackecl along the c-axis per unit ceII. :\"'ow we have another

hancl1e on the ratio CF / L''2'

\Yhile we have used d-wave language in our description. the theory is general.

and has been appHed ta bath YBa2CU30j-J and CPt3 extensively: in facL the the

ory \Vas originally developed to explain heavy fermion superconductors. It \Vas only

huer applied to the cuprates. and has since been going strong because the highly

t\\"u-Jiruensional nature of these nlaterials rnake the calculations simpler. :\loreover~

the gap structure of \·Ba2Cu307-J is known to be primarily d-wave (with possible

admixtures of s). whereas in CPt3 for example. there is much less evidence for one

gap over another. )[evertheless~ the so-called hybrid-II gap with a Hne of nodes on

the equator and quadratic point nodes at the poles of an ellipsoidal Fermi surface

• (see Fig. 2.3) is the current front-runner (more on this in Chapter 3). In calculating

the in-plane thermal conductivity KIIIT for both UPt3 and Y13a2Cu30ï-J in the limit
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Figure 2.9: Xormalized thermal conducti\'ity \'S reduced temperature for c50 = 7ï 12 (& = sin:.! Jo )
and r = O.ù3T~. (0 = r;(:rT,.)) cakulated by Graf et (Li. (1996). On the left. we ha\'e the in-plane
l't::: _On the right. we have the in·plane /'i.;: fT. showing that the :20 dr~ -!J= and the 3D hybrid·II
gaps gÎ\'e the same T·linear beha\'iour.
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•

Jo = ;ï /2. Graf et al. (1996) round the norrnalized t\.q/T to be essentially identical for

the :2D d.r"'"-Y~ and 3D hybrid-II gaps. shown in Fig. 2.9. Althollgh this resllit may

at first seerll reasonable considcring thcrc are Hne nades with a linear k-dependence

for bath of these gaps. there are aisa line nodes in the other CPt3 candidates. the

hybrid-I and polar gaps.

~Iore recentIy. others ha.\"e reinvestigated localization due to disorder (Senthil et

al. 1998) llsing Cl. non-lïnear sigma mode!. In this treatment. they specify spin conduc

ti\'ity a~. and not charge conclllctivity. as being related to the thermal condllctivity by

the \\ïedemann-Franz Law. This is one rnajor distinction between the quasiparticles

in a superconductor and those in a normal metaI: in a sllperconductor. quasiparticle

charge is not a conserved quantity. therefore. it cannot be transported by diffusion.

However. quasiparticle spin is conserved. since the condensate does not carry spin in

Cl singlet sllpercondllctor. ~[oreover. qllasiparticle energy is also a conserved quantity

due to the inability of the condensate to carry entropy. Thus in the field theory to

describe qllasiparticLe localization in a superconductor. Senthil et al. have adopted a

single dimensionless coupling constant. the spin conductance.

In two dimensions~ they have found quasiparticLe localization~ robust in the pres-
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('uee of either an orbital or Zeernan field but not bath. In three-dimensions. Le. by

the inclusion of interlayer coupling. a quantunl phase transition from an extended

spin metal to a localized spin ùzsulator beconles possible. The properties of the novel

spin nletal include a non-zero spin diffusion constant. spin susceptibility and spin

condllctivity aU at zero ternperature. Given enough interiayer coupling, it is possi

blp ta Sllppress the effects of localization found in 2D. Then at zero ternperature

there would be quasiparticle transport just as in the d-wave theory we have been

discllssing.

.-\s for the thermal concluctivity within this field theory. a self-consistent treat

ment gin~s

•
from the \\ïedernann-Franz la\\":

T

.) k· 2 l.,2 1 l.':!
- B FT:!

:3 fz l' F C',!

h -l ii:!

f1.-;T =:3

(2.26)

(.) ')-)_._1

•
where the factor -l difference fronl the usual fornl is due ta the replacement of e:!

by (.-;pin if. Sinee the clainl that n1Ïerawave eonclucti\"ity and thermal conductivity

are not related by the \\"iedernann-Franz la\\" is sueh a radical break from conven

tionai wisdom. it is worth examining the breakdown of the \YFL in another way.

Consider scat tering within (inter-) and between (intra-) nodes. .-\ecording to Lee

(1998). only intra-node seattering wonld transport charge. as inter-node scattering

woulel not carry any nlonlentum out of the node. Heat transport. however. could

be accomplished by either mechanisnl. Thus heat and charge transport would have

different scattering times and there \Vould not be a cancellation Ieading ta the simple

\VFL. Calculations are enrrently underway.

2.2 Heat Transport ln an Applied Magnetic Field

\\~e are interested in quasiparticle transport by a type-II superconductor in a mag

neric field, for we expect that the presence of vortices will have a profound effect

on both quasiparticle number and scattering behaviaur. In fact, unconventional gaps

• which contain nodes give rise to vastly different properties from ses superconduc

tors. Bath will be described in this section.
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r~

Figure 2.10: The :-ipatial yariation of the arder parameter ItIJ(r)1 and the field h(r) within a \'ortex
core (after (Tinkham 1996)). Thus the core size is of order 2~ and is less than the penetration depth
,\.
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Figure 2.11: \'ortices arranged in a triangular lattice. with hexagonal unit cells (only one shawn).
The interyortex distance is 2R.

2.2.1 Conventional Superconductors

For a type-II superconductor in an applied nlagnetic field. induced vortices are ar

ranged in a vortex lattice. :\[agnetic flux penetrates the superconductor through the

cores. and the superconducting arder parameter 1\V (r) 1 is zero at the centre of the

core and rises with distance,. from the core. as in Fig. 2.10.

Csing Fig. 2.11. which depicts a triangular arrangement of cores separated by a

distance of 2R. with R = l/(aJ7D J'Pol H where a is sorne vortex lattice parameter

'2. we describe the vortex state of a type-II 8-\\'ave superconductor (Hirschfeld 1999b) .

'.la is introduced ta account for the effective vortex unit cell whose area is a2 rrR2, equal to ~o/H.
For a circular unit cell, a == 1, and for a hexagonal unit celL Tinkham (1996. p.146) gives a = 1.05.
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Figure 2.12: ~ormalized thermal conductivity K.(T)j,,-,V of ~b in field H up to -1 kOe (DA T)
obtained by Lowell and Sousa 11970).

\\ïthin the cores. the order paranleter ~(r) is suppressed. and quasiparticles can be

thought of as obeying Schrodinger's equation in a potential..l(r). The eigenstates are

bound states with spacing j/)~F. contributing to the DOS .Va in the cores. Extended

states are fully gapped. so ma.ke no contribution ta the DOS. Since the nunlber of

excitations goes as the number of cores ('"'" H). the enhancement ta the core DOS

tan be expressed as

.V(o: H) ~ .VoT
H
H

.
c2

(2.28)

Specifie heat measurements can deteet these states within the vortex cores. How-

• ever~ thernu1.1 conduetivity is fiat sensitive ta these bound states~ only extended states,

which are gapped. Sa while c(T; H) is expected ta increase \Vith magnetic field H.
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2.2 Heélt Transport in an A.pplied ~\Iagnetic Field

Figure 2.13: The etfect of the Doppler shift due to a superfluid flow on the quasiparticle energy
spectrum. ::\ow the \'ertex of the energy cone is below the Fermi energy by an amount ~E.

ri. should not. In faet. at low fields. K( H) drops rapidly with H! This phenomenon is

generally attributed to \'ortex seattering~ as the coherence length is rnueh longer than

the intervortex spacing..-\t high fields. pair-breaking effects donlÎnate J'l:( H) since the

arder pararneter is strongly suppressed as the field approaches Hc'2 (in other words.

the energy 2~ requirecl ta break a. pair c1ecreases). Thus "'(H) grows rapidly up to its

normal state \"Cllne as H -1' Hd . .-\ good example is Nb. shawn in Fig. 2.12. \vhere

nothing changes until vortices appear above Hc2 '

2.2.2 Unconventional Superconductors

In the presence of an external magnetic field~ quasiparticle states outside the vortex

cores are Doppler shifted due ta the superfluid flow around the vortices. Certain states

will then have energy which is negative \Vith respect to the Fermi energy, and so will

be a.ccessible to quasiparticIe excitations (see Fig. 2.13). For those quasiparticles

within the vortex cores. Volovik (1993) has shawn that their contribution to the

density of states is much smaller than that due ta the delacalized quasiparticles

occupying the extended states. by a factor of arder ln minJoR.,\}. Since the extended

states dominate the DOS~ we will concentrate on the quasiparticles outside the vortex

cores. The superfluid flow shifts the quasiparticle spectrum by E ~ E - Vs • k or

• e
E(k~ A) = E(k) - -Vk . A,

c
(2.29)
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where Vk is the noruul1 state \"elocity (Lee a.nd \Ven 1997) and A is the vector

potential satisfying (Po = j'A . dL with (Po the flux quanturn: thus, .-l = cI>o/(2rrr).

Thp magnitude of thfl Doppler shift is characterized by its average. EH ~ obtained

hy integrating o\"er a \"ürtex-Iattice unit celL of radius R. \Vithin each \"ortex unit

celi. its area tirnes the field should be equal ta one flux quanturn. The field induced

•

e
EH = -(IVk . AI)

c

t' J~R dT" r J~2~ do CF . "-\Icosol

~ J~R d,. ,. J~2:r do

:. J:)R d,. ,. J;)2~ do L'F(PO/ (2;1,.) Icosol

c R'l. /2 ·27ï
e L'F(PO -l

(2.30)

•

sillee aR = J(Po/{:iH) (frorn pre\'ious section) and (Po = hc/(2e). ~ote also that

!L'kl = IL'} + ci :::::; L'F because t'p "'" IOr'!. which we will larer show.

\"olovik (1993) \Vas the first ta calculate the DOS due ta a Doppler shifted energy

spectrum. \\"e expect. fronl inspecting the zero field expression for .V(O) (Equa

tion (2.21)). that .V(O: H) a\"eraged over a \"ortex cell should look something like

•
(.'1 (0: H)) '" 2'

J
E fl .

iili- L'F V2

Substituting Equation (2.30) in the above. we get

(2.31)

(2.32)
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In fact. the correct calculation (Kübert and Hirschfeld 1998b) gives

29

•

•

•

(2.33)

since Eu can alsa be expressed as a~o J H/ He'!.' -;ia the relations Hc'2 = <I>o/(2rrçii)

and ~o = rlL'F/(-:ï~O)' \\"c have also used 2~o = hkF L''2' hkF = {nCF and .Vo = ~.

The latter is inclllded in calclliations becallse a probe of the nodes should also be

sensitin' ta the nannal state DOS near the nodes.

For lüw field and temperature. qUëlsiparticles in a d-wave superconductor are

predicted ta ha\'e a thernHll conductivity /'Lei /T which increases \Vith applied field .

reftecting the occupation of extended states. Recall that this is in contrast ta con

ventional type-II superconductors snch as niobium. in which the quasiparticle mean

free path is set by the \'ortices (since inlpurities do not break pairs). However. in a d

wavc superconductor where inlpurity scattering is importanL the impurity mean free

path is smaller than the intervortex spacing. Thus Kübert and Hirschfeld (1998b)

assunle that irupurities remain the dominant scattering centres at low tenlperature.

Comparison to experiments will verify whether this assumption is correct.

Because thermal conducti\'ity involves the transport scattering time. it is compli

cated ta calculate. :\ simple \Vay ta view heat conduction parallel ta the vortex cores

is as follo\vs: since Ko(H)/T x .;V(w)r(w) (where lV ~ 1/,''( ~ T for Jo = rr/2), and

the superfluid velocity Ils = liJ(2me r), we have, as (w, T) -+ 0 (and 50 the Doppler
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•

This "hand-waving" approach already highlights twa important results~ naInely that

the field is expected ta contribute to the therrllal cancluctiviy and that the increase

does Ilot go as m.
Putting in the full details far J J.. H and H 1.. c is more inyolved. Fortunately.

the calculation has uecn clone. by treating transport with the sanle senli-classical

approach as in zero-field. Kiibert and Hirschfeld (1998b) have found that at T=O.

the field clependence for H Il c and J ..L c follows

1'1'(0: H)

T

.)

h~O p-
=

T pJi + p'2 - sinh- l p
(2.35)

where p is essentially the ratio of the two reIC\"(lnt energy scales. ", and Eu: in the

<lirty limit where ", > Elf.

• !! .. .... ,
p= -_. x '

ii Eu al'Fm
(2.36)

where ti.o/T is the unÎ\'ersal value of Jol./T at both T =0 and H=0. \Yhile this function

qualitatively resembles JEi. the rise \Vith H is not as steep and it does not saturate

sa quickly.

Since vortex scattering is 50 important in conventional superconductors such as

~b (see Fig. 2.12). it is fair to ask how vortices would affect transport in d-wave

superconductors. Franz has sho\vn that a disordered vortex lattice in a d-wave su

perconductor can result in quasiparticles scattering off the superflo\v (Franz 1999).

The reduction in mean free path then compensates the increase in ~V(EL produc

ing a field-independent ILnil.'ersal K/T at fields large enough that vortices are the

dominant scattering process. The theory demonstrates a drop in K \Vith field which

• then reaches a plateau. consistent with measurements in BSCCO and underdoped

\~BCO (see Section 7.5). At low temperature~ a decreasing K would be in contrast
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•

with calculations assurning impurity scattering to be the dominant scattering process

(Kiiben and Hirschfeld 1998b).

Besides the Doppler shift in the quasiparticle spectrunl. there are also contribu

tions fronl the Zeernan effeet. \\"hen a field is applied parallel to the CU02 planes!

spin up state energies are lowered by pH: spin clown states are increased by the

saIne anlount. :'\ear the nodes. where the ~ap ~k is smalL arbitrarily srnall values of

an applied nIagnetic field can produce a Zeeruan energy larger than the local gap!

creating spin polarized nornw.1 electrons. i.e. spin degeneracy is lifted.

Yang and Sondhi (1998) ha\'e shown that for a two-clinlensional d-wave super

eonductor in a nIagnetic field. orbital effects are negligible for H 1.. c. However! in

real superconductors. orbital effects becorne iruportant in the presence of interplane

coupling. For YBa'2C1l30~-â" the spin-orbit scattering tirne has been estinlated to be

about 100 rimes shorter than irnpurity scattering tinles of about 10- L2 s. 50 orbital

di'ects l'an probably be safdy ignored. \\"e can estinlate the order of nlagnitude of

the Zeernan contribution to the specific heat by

.y(o: H)

.\"0

J.1 B H
:::::--

~o
(2.37)

•

•

where c5~.( H) is the increase in the Jii coefficient in the specifie heat and ~fS is

the norrIlal state Somrnerfeld T-linear coefficient. [n a field of 8 T. IlBJ-I = 5.-! K.

Conlpared to the Doppler shift energy EH = -15 K (using a = 1 and taking the Ferrrli

velocity estinHl.tecl by tight-binding band structure calculations (Lee and \Ven 1997)

l'F = 1.2x 107' crn/s). the Zeernan energy is much smaller.
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• 3 The Heavy Fermion Superconductor

UPd2Al3

In this thesis. the hCLl\'Y fernlion we study is CPcbAh. cliscovered by Geibel et al.

(l991). It exhibits l'o-existing antiferrornagnetisrn and superconductivity a.t anlbient

pressure. with the highest Tc (2 K) and nlagnetic mornent (0.85ILB/C, T.v = 1-1 K)

of aIl thp known hCLl\'Y ferrllion superconductors. The orclered nlonlents lie within

the basal plane. in which they are l'oupled ferroruagneticaIlY: along c. the planes are

l'ullpled ëlntiferrornagnctically. The shecr size of the rnagnetic rnornent sllggests that

the interplay between superconductivitY and antiferromagnetisrn is stronger than

in the other hea\'y ferrnion supl'rconductors. Cornparisons will be macle with CPtJ~

which has bppn t llfl mnst ëlcti\'ply stnoied heél.\'Y fennion to date. 50 we now outline

the salient [eatures of CPt:~ (for further details. see re\'iew by Taillefer et al. (1991)

and references tlwrein).

Thel'e are a nurnber of l'casons why CPt:) has bren an ideal system ta st udy. lt

is relati\'ely easy to grow high plll'ity sarnples. and the la\\' Tc of 0.5 K. compared

• ta the Debye ternperatl1re e 0 """ :300 I~. eusures the absence of phonons in the su

perconducting state. In addition. it shares nUlny properties with CPd~:\b~ such as

the coexistence of superconductivity and antiferrornagnetism (Ts = .) K \vith mo

ment O.02!LB). How€ver. like 1He. it has nlultiple superconducting phases~ shawn in

Fig. 3.1. 6rst discovel'ecl in the double transition of the specific heat (Fisher et al.

1989). The two transitions nlerge undel' hydrostatic pressure of about 3--1 kbar (Hay

den et al. 1992). ~Ioreo\'er. neutron scattering shows that the decreasing amplitude

of the magnetic manIent with applied pressure also disappears at araund 3-4 kbar.

suggesting that the magnetic manIent is responsible for the splitting, i.e. no magnetic

arder beyond -l kbar. no phase nlultiplicity.

3.1 Phase Diagram

• For CPd2:\l3~ there is only one superconducting phase. There are~ however, several

magnetic phases: three with the applied field in the basal plane and one perpen-
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Figure 3.1: ~[agnetic tield and temperature phase diagram of CPt3 determined from sound velocity
measurements of Adenwalla et cll. (1990) . .-1. Band C refer to distinct superconducting phases. with
.-l and B accessible at ambient prpssnrfl and zero magnetic field.

•
dicular. \re show the rnagnetic field and temperature phase cliagram for an applied

[uagnetic field in the hexagonal plane Fig. :3.2. For H = O. there are the antiferro

nlagnetic (.-\F.T < T.v) and paranHl.gnetic (P~I.T > T.v) phases. and it is possible

to cross the antiferronlagnetic phase boundary into the paranHlgnetic phase by the

application of 18 T (de \ïsser et nl. 1992).

3.2 Crystal Structure

CPd2:\13 crystallizes in a hexagonal crystal structure (Pr~i2Ah! as in Fig. 3.3) and

has lattice paranleters a = b = 5.365 A and c = ·-1.186 A (Geibel et al. 1991). Thus

the volume of a unit cell is (J3/2)a2c = 10~.3 A3 and the density is 80464 g/cm3 .

3.3 Normal State

•
The resistivity of CPd2.-\h is shown in Fig. 3.4. From room temperature down ta

about sa K~ p increases much like in other heavy fermions and systems containing

isolated magnetic impurities. suggestive of a Kondo scattering mechanism. As we go

lower in temperature. the resistivity drops as many-body effects develap. At the Néel

transition (l~ K), spin-disorder scattering drops rapidly as the spins order themselves
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Figure 3.2: ~[agnetic field (in plane) and ternperature phLU5e diagram of lOPd'.! .-\13 obtained by
Grane! et cll. (1!J92). On the ldt is the law field rpgion ~howing Hc'2 (o~' B,.~) '1..'3 a solid line and on
the right. the tield a..xis is expandcd to show the metamagnetic transition (dashed line) .

•

•
Figure 3.3: Crystal structure of UPd2 Ah (after Sato et al. (1992)). Large spheres at the corners
represent Ü atoms (".-ith magnetic moments denoted by arrows), which are surrounded by Pd atoms
in the basal plane. The smallest spheres represent Al atoms between the planes.
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Figure 3.4: Temperature dependence of the electrical resistivity p of CPd~AI3 along the b a.xis
(after Hiroi et ai. (1997)). Inset: Law temperature scale showing antiferromagnetic arder at the ~eél

temperature (Ts) and superconductÎ\·ity at T,..

antiferronlagnetically. and p falls roughly as T'2. characteristic of the Fermi liqllicl

sténe. ~Iorpon~r. the nannal stene specifie heat fo11ow5 c(T) = -loT + JT3
• with

the Son1merfelcl coefficient -"0 = 1-15 ru.] K-'2 mol-t (Caspary et al. 1993). The T 3

coefficient is attriblltecl to phonons.

3.4 Superconducting State

In the superconducting 5tate. there is e\'idence for both conventional and uncon

\'entional behaviollr. The nuclear nlagnetic relaxation rate liTt shows a power law

ternperature dependence suggestive of a gap with a line of zeroes on the Fernü surface!

as cloes the absence of a coherence peak (or Hebel-Slichter peak) below Tc (Kyogaku

et al. 1993). However. the T-dependence of the penetration depth determined from

muon spin rela.xa.tion is quite close to that expected for an s-\vave gap (Amato et al.

1992. Feyerherm et al. 199--1). There are fllrther inconsistencies to come.

From de Haas-van Alphen (dHv.-\) measurements! we can determine quasiparticle

masses and scattcring times. The observation of quantum oscillations in UPd2 A13 by

Inada et al. (1994) confirms the presence of a Fermi surface, and also the itinerant

nature of the 5f electrons. Five main branches were detected, giving a range of
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lOrno-33rHo for the effecti\'e cyclotron nUlsses. Lsing the Dingle temperature T0 =

fl/(!:;rkBT) of 169±3 nlK for the A/ branch. we find a scattering rate r = 1f(2ï) =
O.25Tc•

:\s for the specifie heat. c(T) has been il widely-used probe of hea.Yy electron

nature: for instance. the hnge jllmp at Te in CeC1l2Si2 first demonstrated that the

hca';~; clcctrons fOr:11Cd the Cooper pairs. the double tf:lnsition in CPt;j revealed

rnultiple supercondllcting phases and the power laws obseryed at law tenlperatllre

pointec1 to arder paralncters with nodes on the Ferrni surface.

In l'PebAh. the specifie hent rneasured by Caspary et al. (1993) shows a single

jump at Tc of size ~c/ (A'oTe) ~ 1.-18. which is not far from the weak-collpling ses
value of 1.-13. suggesting that there is nothing very unconventional going on. For

0.:3 < T < 1 K. c(T) (shawn in Fig. :3.5) fits c(T) = ~,.T + bT3
• The first terro .

also seen in CeCu2Si'2. l'Pt] and l'Ru'lSi',!. is attributed ta residual electrons since

the coeffieipnt A,' increases with the 7:. transition width. indicating that defects arc

rcsponsible for pair-brcaking. Below about 0.:3 K. an upward curvature appears. The

T 3 tenn is conlpatible with ealculations for Cl linear point nocle. since in this case

the density of states .V( E) '" E"l and cfT '" T'2. Thus the H = a tenlperature

dependence of the specifie heat seems ta fa\'our a gap with linear point nodes.

\\ïth an applied field. we need to add a hyperfine terro to the specifie heat. due ta

the Zeernan split ting of the local 5f moments on '27 Al (sec inset of Fig. 3.5). :\Ioreover.

the coefficients are field dependent. 50 that c(T: H) = a(H)/T'2 + ~/(H)T + b(H)T:3

(Caspary et al. 1993). Belo\\' Hc'l' ~.'( H) '" H. consistent \Vith normal excitations in

the vortex cores. 50 far. our analysis has been mostly qualitative: indeed~ quantitative

comparisons are premature sinee the Fermi surfaces are complicated. with several

sheets. sa one uses the simplest spherical FernlÎ surfaces in caleulations. StilL we can

eonclude from specifie heat UleasureUlents. bath in field and in zero field. that there

is eviclence for Hnear point nodes.

.-\ recent study of the pairing state \vas performed by Jourdan. Huth and Adrian

(1999) using tunneling spectroscopy in a supereonductor-insulator-superconductor

(SIS) tunneling junction. wî.th CPd2Ab-A.lOx -Pb. \Vith aluminum oxide as the in

sulating barrier. The differential eonduetivity. whieh depends on the bias voltage~

of an SI~ (:'i=normal metal) junction gives a measure of the thermally smeared

density of states of the supereonduetor. Additional structures in the differential con

ducti\"ity ûlltside of the gap region is a sign of strong-coupling supereonductivity, for
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exanlple e-ph coupling in Pb. By the application of a nlagnetic field strong enough

to drÏ\'e Pb nortllal but below Hc"2 of L"Pd2:\.b~ CPd2:\.b-:\.IOx-Pb becomes an SI;\,

tunnel junction. In a field of 0.:3 T, the standard Dynes fit yields a zero temperature

gap ~o = 235 Ile\'. Beyond the gap energ}'. a modulation in the conductivity at

\' ~ 1.2:2 rne\' can be observecl in Fig. 3.6. In this case. the energy seale is low conl

pared to a. GD of roughly 150 K (13 me\·). sa Jourdan and co-workers have ruled out

conventional e-ph coupling 3, Howevec we point out that long wavelength acoustic

phonons are ungapped. though the proxinlity of the modulation to the spin wave gap

of 1.5 me\. (17 K) (:\Ietoki et al. 1998) cioes suggest that the order parameter may be

coupling to this particular nlagnon mode..-\ssuming e-mag coupling is responsible for

d-wave superconductivity. there is a critical energy ("j,,'c below which spin fluctuations

are pair-breaking p.Iillis. Sachdev and \·arma 1988). Note that this is in contrast

to e-ph coupling. where it is only below sorne energy uJo that pair attraction takes

place. Sa above i.lJc~ e-e attraction causes an increase in the tunneling conductivity

3In Pb. ~o = 15 K and E>o = 88 K, compared to 2.7 K and 150 K, respectively, in UPd2 A13 •

Tunneling spectra of Pb show modulations at 80/2 and So, in support of e-ph coupling,
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Figure 3.6: DifferentiaI conduciti\'ity of a l"Pd:.!Ab-AIOz-Pb tunnel junction. with the grey trace
t.he fit ta the Dynes formula (after .Jourdan. Huth and Adrian ( 1999)). Inset. modulations attributec.l
to strong-coupling ta spin fluctua.tions.

\\"ith respect (0 the Dynes fit (see inset of Fig. :3.6). whilc below. pair-breaking ca.uses

a Jecrease. Thus. spin-fluctuation mediated supercanductÏ\'ity can explain the tun

neling data. fronl which an Aly (1;0 spherical harnlonic k; + k~ - 2k; with 2 lines

of nocles about the c axis) order panuueter enlerges. Of course. this nlcasurenlent

cannot rule out other rnechanisrIlS.

In brier. we ha\'e shawn that a cornnlon belief in hea,-y fermion systems is that

the supereonducti\"ity is mediated by antiferronlagnetie spin fluctuations. Quantum

oscillation observations confirm the heayiness of the itinerant f electrons and give

us a measure of the scé.'tttering time in the supereonducting state. From the ;\~[R

relaxation rate. lines of nades on the Fermi surface a.re inferred. supported by SIN

tunneling spectra. which in addition clairll the absence of nodes on the c axis. How

ever. c(T) suggests point nodes with a linear k-dependence. Furthermore the specifie

heat junlp at Tc and the temperature dependence of the penetra.tion depth indicate

conventional weak-coupling BCS superconductivity. \Ve need another probe of the

la\\' energy excitations about the gap zeroes. and thermal conductivity is one such

way to elucidate the gap structure.
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4 The High-Tc Superconductor

YBa2Cu307-c5

:"l)W that Inore than ten years have passed since the discovery of

YBa'2Cu:J07-J (\Yu et al. 198ï). nlost researchers agree on its singlet d-wave pairing

steHe (an example of triplet pairing is 3He). but this only cornes as a result of an in

tense rivalry benveen the ,'i-WêlVe and d-waxe camps. In fact. when YBa2Cu:107-J was

celebrating its third year in the linlelight. rnany believed that ·~the clata as a whole...

suggest[cd! that ·S-\\ï:l.\·e· pairing [wasj the most likely scenario~' (.-\nnett et al. 1990).

though they did ernphasize that it \Vas still rather premature ta draw any conclusions

bascd on the existing data. then lacking reproclucibility and accuracy.

Before beconling entangled in the details of the nature of the pairing state. we

must first convince ourselves that electron or hale pairing. rather than sorne new

and exotÏL InechanisrIl. is indeed ",hat causes superconductivity in the cuprates.

Fortunately. there has been cvidence for pairing e\'er since practically the beginning

of the YBa2Cu:107-S story.

By clisturbing the trapped flux in a superconducting ring~ it is possible to measure

the change in rnagnetic flux of Cl system. In the case of a sintered 'YBa2CU30j-6 ring,

application of electronlagnetic noise caused the flux ta change in quantized steps of

<P = (0.9ï ± O.0~)hc/2e. indicating a unit charge of 2e (Gough et al. 198ï. Koch

et al. 1987). Further evidence cornes from point contact measurements, \Vhen an

electron is injected at a point contact into a normal metal. upon reaching a metal

superconductar interface. it combines \Vith an electron from the normal metal and

forms a Cooper pair in the superconductor. This process of A.ndreev reRection leaves

in the normal metal a hole of the opposite mornenturn and spin ta that of the inci

dent electron. Detection is in principle quite simple. Since the hole is of the opposite

monlentum. it returns to the point contact and contributes to the current, thereby

reducing the contact resistance. If the incident energy is less than the superconduct

ing gap energy .:l. every incident electron leaves behind a hale, resulting in a factor

of 2 reduction in the contact resistance: othervrise~ i.e. if the incident energy exceeds

~. the electrons enter the superconductor as quasiparticles and no change occurs
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Figure 4.1: Structure of YBa'2Cu:1 Oi-J depicting r.hree unit cells along the b-a.xis.

in the resistancc. Ihus this technique l'an Illeasure ~. and rnoreover. the angular

dependence of ~ (Il) l'an be resoh'ed by placing t he contacts on clifferent crystalline

faces.

Su very carly on. it was established that Cooper pairs do indeed exist in d

waxe superconductors. althollgh the exact pairing mechanisnl is not known. For this

n.~ason. the ses theory is applicable ta the cuprates. since the sanle ingredients .

narnely electron/hale pairing and the presence of an energy gap. are responsible for

superconclllcting state properties.

4.1 Crystal Structure

YBa:!C1l30 7 -S has a layered perovskite-like crystal structure (see Fig...1.1) \Vith lat

tice parameters a = 3.S19S( 1) .-\.. b = 3.S8·W( 1) Aand c = 11.6762(3) A. giving a unit

l'eil \'olume ~. = 173.27 A:l. These give a nlolar volume ~ ~ = \-.VA = 104.3 cm3/mol.

There are two roughly tetragonal CU02 planes. spaced 8.3 A apart~ pel' unit

ceil (Akoh et al. 1990). In addition. there are one-dimensional CuO chains running

along the b-a..xis. making conduction in the basal plane anisotropic. The presence

of these chains complicate band structure calculations~ and it is only because high

• quality. relatively large crystals can be grown that YBa2Cu30,-J has become the

high-Tc representative.
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The carriers are hales. and are believed ta reside primarily in the CU02 planes,

\Vith the CuO chains acting as charge reservoirs ta regulate the doping levels in

the planes. Currently. the chains are under investigation as to whether they are

superconclucting intrinsically or clue ta their proxilnity to the superconducting CU02

planes. Positron annihilation experinlents inclicate that the effecti\'e mass in the

chain band i~ r!lUdl Ip~~ thnn that in tlw rhlnfl h;.lnd (Pankalnot,o pt al. 1994). This

suggests that the electrons in the chains are not strongly correlatecL and therefore

Hot supercùnductiug on their OWIl.

\Yhat wc nlei:ln by the electrons in these Iuaterials being strongly correlated is that

the average interaction encrgy exceecls the average kinetic energy of the Cu cl states.

Electrons tIlO\'e through these orbitaIs by hopping ta weakly correlated orbitaIs on

neighbouring ions. such as the p orbital on oxygen ions. The 3d shell Cu2+ contains

one vacancy. which affects \Vhat happens when a cuprate is hole- or electron- doped.

Ta sunl Hp. the CUO'2 planf's are not exactly tetragonal. but orthorhonlbic due to

the presence of the CuO chains along b. \\"e therefore expect anisotropy in transport

measurenlents due to this extra channel of conduction.

4.2 Phase Diagranl

The strong correlations in these systenls tend to driye them towards localized (in

sulating) electronic states. For instance. in La2CllO.l~ the Cu2+ Coulomb repulsion

leads to an insulating ground stcHe. and superconductivity can only be achieved when

the oxygen p bands are (hole) doped with Sr2• or La:1+.

In Fig. 4.2. we show the phase diagram of \'Ba2Cu306+x as a function of oxygen

doping I. Between the antiferromagn~ticand superconducting phases is a smeared

out region often referred to as a spin glass..-\s it is difficult to prepare samples \Vith

.r "'-' 0.-1. this area of the phase diagram has not been extensively studied. Above this

fuzzy boundary. the appearance of chains along b induces an orthorhombic crystal

structure. The plateau around .r "'-' 0.6 is due to ordering in the chains.

One key feature in Fig. 4.2 is the proximity of the superconducting and antifer

romagnetic states. This observation led to the 50(5) theory of superconductivity of

Zhang (199ï) which has a 5-component order parameter-3 for antiferromagnetism

and 2 for superconductivity. Could high-T~ superconductivity be mediated by anti

ferromagnetic spin fluctuations~ as is assumed in the heavy fermions?
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Figure 4.2: Doping pha~c diagram of YBa:!Cu;30tH-.r showing ~éel tempcrature T;v or Tc (after
Rossat-~ngnodet Ill. (1988)).

4.3 Normal State

Strongly correlated electrons lend ta nHlny interesting phenornena in the normal state.

For instance. ions with localized orbitais can ha,\"e nlagnetic moments large enough

to lead to antiferrornagnetic arder. In the hea\'y fermions. antiferromagnetism can

co-exist with superconductivity (CPd2 Ab and C~b.-\.h). but this has never been

round in any ruprate nlaterial.

In the normal state of \·Ba2Cu307-S. there are several anornalous. non-Fermi

liquid properties. First of aIl. the question of whether a Fermi surface even exists

renlains an open one. Secondly. the resistivity along a is perfectly linear; along b~

there is a slight upward curyature. as shawn in Fig. -1.3. Recall that in Fermi liquids.

p """ T'l. 50 e\'en in the normal state. YBa2Cu30ï-J violates our basic understanding

of metals.

In the absence of a well-defined metallic ground state. the challenge is ta under

stand the normal state. which is practically as complicated as the superconducting

state. One appraach is to vary the level of oxygen doping to study the evolution
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of the rnetallic state fronl the insulating state. This has led ta the discovery of a

pseudogap above 7::.

•

•

4.3.1 Pseudogap

In the normal state of underdoped cuprates. several physical probes have detected

a partial gap. callecl the pseudogap. at sonle temperature T- well above Tc. );:\IR

nleasurements of the Knight shift in an unclerdoped superconductor first detected a

clecrease below a teulperature T-. which normally (in an optimally doped material)

does not oceur HutU Tc. This led \Varren et al. (1989) to conclude that spin pairing

was taking place in the nornlai stê.\te. thus producing a "spin gap~~. ~Iany other

rneasurernents have since seen the pseudogap~ such as the :\"~IR relaxation rate liTt

(Takigawa. et al. 1991L specifie heat (Loram et al. 1993). c-axis conduetivity (Homes

et al. 1993). photoernission (Ding et al. 1996) and ab-plane resistivity (Bucher et al.

1993). In the latter. this suggests that the linear resistivity is due ta spin fluctuation

scattering of carriers~ since below T- in underdoped materials this linearity is lost.

\Vhile the pseudogap does nat exist in optimally doped or overdoped

\·Ba2Cu30ï-J~ the fact that T* and Tc meet at optimal doping x on the phase

diagram is intriguing~ and the nature of their relationship could be very important
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in understanding the mechanism for supercondllcti\-ity in high-Tc superconductors.

4.4 Superconducting State

COI1\'entional superconductors (e.g. :\1. Hg) have s-wave pairing states which have

dte fuil ~~\ 1111l1elry ur tite Llystci.Hinè pùint gruup: uncûn·~-cntiûnü.l pairing states used

ta describe 3He and L·Pt]. for exanlple. ha\'e a lower symnletry. Fllrthermore. the

phase of the order panlIlleter can sen-e as another distinguishing factor: for instance.

the arder paranleter for the extended 8-wave steue does not change sign. whereas the

d-Wêl\'e does..-\ccorclingly. there are nlany experinlents which can help determine the

synulletry of the arder paranleter and we no\\" review the principal nlethods .

.-\n extremely powerful phase-sensiti\'e technique uses the double Josephson junc

tion dc SQUID ring..-\ Josephson junction refers to the interface between two super

coudul'tors through which pairs l'an tunnel. even when there is zero voltage difference

(Josephson 1962). Due to a phase difference ~o between the sllperconductors. a zero

\'oltagc supercurrent I.~ = le sin~o. where le is the lnaxinlunl critical current sup

port(!d by the junction. can flow froul one superconductor to another through an

insulating barriel'. Josephson also predicted that in the presence of a potential differ

ence \. across the barrier. the phase difference \Vonld change as d( ~l1J)1dt = 2e \ ï n.
This means that we woulcl haxe an etC current with frequency lJ = 2e\ ih. In the

following discussion. we use de junctions and we l'efer to Fig. -l.-1.

\Ve sta.rt with a sinlple dx 1_y l gap of cos(26). where ci> is the angle froln the

.r-axis. If two Josephson contacts to the YBCO are rotated by ~ in the ab-plane.

the cos( 2<;0) factor for the two junctions will differ by COS('ii) = -1. From the rela

tion ~6 = 2;: (mod2iT) (from Tinkhanl (1996. p.215)). we see that a iT phase shift

changes the enclosed flax <I> by iPo/2. Thus the lowest energy state of the ring now

corresponds to one containing (po/2 of trapped flux~ instead of zero flux. Conse

quently~ in an t.:xternal magnetic field. allo\ved states will correspond to those with

half-integer fluxoid quantum numbers. Recent scanning SQCID microscope studies

\\'hich have obsen'ed half-integral flux quantization (Tsuei et al. 1994. )'·Iathai et al.

1995). ),[athai and co-workers used a junction similar to that described in Fig. 4.4

and found half quanta of trapped flux. In the work of Tsuei and co-workers on three

junction and two-junction rings on YBa2CU307-t5 film (where twin bounclaries give

the 'ii phase shift)~ they found half integer quanta of trapped flu.x in the first case and
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Figure 4.4: Superconducting SQl"ID ring composed of Pb and YBa~Cl1:107-J films. The tWQ

Josephsùn junctillns are located at r.he interfaces of the twa materials. and are phase shifted by :r.
Thus the ring traps half-integral qua.nta. of flux.

integer quanta in the second. Such experinlents undoubtedly provicle thf' strongest

p\'idence to dat.e for the rl-waxe picture.

Another indication of uncon\'entional superconcluctivity came t'ronl nuclear nlag

netic resonance (:\)'IR) stlldies of the nuclear relaxation rate liTt. Experinlental

liTt resllits in YBa'2Cu:lO~-J differ n1arkedly from those in ses superconductors.

na.rnely in the la\\" tenlperature power law behaviour (consistent with d-wave) and

in the absence of the Hebel-Slichter peak just below Tc' The latter is very weIl un

elerstood within ses theory to be duc to the singular peak in the DOS just above

the gap and the ses coherence factors. This suggests that radical changes to the

coherence factors woulel ha\'(1 to be made in order to use the framework of ses to

explain the sirnple drop in liTt below Tc' ~Ioreover. in conventional superconduc

tors~ the Knight shift (which measures uniform spin susceptibility) is temperature

independent in the normal state. and drops below Tc when the spins pair into singlet

Cooper pairs. In the cuprates. this drop also occurs. but much slower than the ex

ponential behaviour seen in ses superconductors: rather. the drop follows a power

la\\" ~ consistent with d-wave pairing.

Several other experiments have also fortified the d-wave picture~ such as tur~neling

conductance. angular resolved photo-emission and muon spin resonance. For a review,
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see that of :\[aple (1998). \Ve believe there is little doubt that the order parameter

for YBa2Cu:J07-J is d-wa\·e. Below we examine in detail the experiInents which have

Cl direct bearing on therrnal conductivity. and with which we will cornpare our results

to ~ee if a consistent ctuantitative description of the superconducting state properties

of YBa2Cu30, -d emerges.

4.4.1 Specifie heat

The specifie heat dT) in the T ---7 0 lirIlit provides a direct probe of the quasiparti

de DOS near the Fenlli level ~F' l"nfortunately. it also probes ail other excitations.

Phonolls and ferrolnagnetic Inagnons may contribute T. T'2 and T:J terms. while anti

ferromagnetic rnagnous nlay contribute T l ,''2. T and T'J/'2 ternlS. Schottky anoIllalies

tlstlally give a T-'l clependence. as does the Iluclear monlent. .-\midst aIl these exci

tations. one rnust isolate the electronic part of cfT. which is proportional ta .V(~}

ël\'craged O\'cr an interval "-' kBT around ~F' To further conlplicate nlatters. there

exists an additional lin(~ar tenn which is sampIe dependent. perhaps attributable to

BaCuO'2 (flux) (Alain Junod (1990). and rl'ferences therein). This ternl decreases

when twins are renlo\'ed or when oxygen is addecl (~doler et al. 199ï).

In 8-Wë:l.\"e supercondllctors where the excitation spectrurl1 is fully gapped. the

electronic specifie heat is \'anishingly snw.lL For d-Wélve symnletry. the gap \"anishes

linearly at the nodes on the Fern1Î surface. 50 the k-space ayerage of the DOS goes

as .V(~) x i~l: hence for elèctrons. cfT = o.T for gaps which vanish linearly at the

Fenni surface. which aiso occurs for s+d ITlixing. The coefficient of the T2 term is

(Kopnin and Volovik 1996. Kübert and Hirschfeld 1998a)

(4.1)

•

where L"F and L''2 describe the quasiparticle excitations as described in Section 2.1.3~

and ((n) is the Riemann SUffi. with ((3) = 1 + 2-3 + 3-3 + ... ~ 1.3. In zero field~

one thus obtains the product l.'FV2'

Several measurenlents of c(T) daiffi to see the T 2 term. sa that fits are usually

of the forul

(4.2)
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even when the data look linear. The data of )"Ioler et al. (1997) are consistent \Vith

bath a 5nu1.11 or zero \'alue of ct. Plotted YS T'2. the upturn \Vauld tend ta cancel out the

T'2 tenll~ 50 it was concluded that the latter was not resolvable. ~\.[ore recently, sarnples

with a redllcecl nllnlber of paranlagnetic centres (and hence less of an upturn) \Vere

measured to try to bring out the T'2 ternI (\Vright et al. 1999). :\ow a slope is apparent

in a plot of cfT \'s T. and the fitted n is 0.06-1 mJ K-:3 nlol- L
• By further increasing

sampie quality. the Geneva group has obtained specifie heat data which l'equires no

fitting at aIl (Alain Junocl 1999). Thus their measurenlent of ct = 0,19 K-3 mol- 1

we considel' the nlost reliable. though their crystal is fully oxygenated in order to

achie\'e sllch a lo\\' IC\'cl of defects 50 wc cannat rnake Cl direct corllparison. Specifie

heat is alsa a good diagnostic tool in the presence of a nlagnetic field. which will be

discllssed in Section -1 ..5.:2 .

4.4.2 J\tIicro\vave conductivity and the London penetration depth

This section describes the rnicrowan~ expel'iOlents used to probe therrrul.lly excited

quasiparticles. In particlliar. the tenlperattlre dependcnce of the penetration depth

,\(T) and charge conductivity 11( ..•:. T) have both helped to establish the d-wave state

as being the appropriate state for YBa'2Cu:3ü7-J . .-\S we shaH see, these t\Vo qUë:l.Il

tities give direct rneaSllres of the quasiparticle paran1eters /.:F and u2. 50 any theory

describing ,\ and a hacl better apply ta t\ as weIl.

In a surface impeclance Oleasurenlent at nlicrowê:1.\'e frequencies. a planaI' sanIple

is placed in an é:L'\':ial field. say along b. 50 that a current develops along a (and

even along c. though for thin crystals this effect is negligible). The study of the

complex surface inlpedance has illun1Ïnated a. number of electromagnetic properties

of YBa.2CU307-S, Early measurenlents of a linear temperature dependence in the

penetration depth /\(T) by Hardy et al. (1993L obtained from the irnaginary part of

the surface inlpedance. were anlOng the first evidence for nodes in the gap function.

From the l'eal part of the surface impedance. Rs • one obtains the real part of the

charge conduetivity by thermally excited quasiparticles.

In weak coupling BCS theory. charge conductivity is activated at low temperature

due to the presence of an energy gap, as is the ternperature dependence of the

London penetration depth. which provides information on the superfluid density

responsible for the screening of electromagnetic fields. Should the gap exhibit line

nodes on the Fermi surface. it is expected that the temperature dependence of the
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pf'netration clepth is that of a power la\\'. rather than exponential (.-\nnett et al. 1991).

Thus conventional and unconventional pairing states lead to qualitatively different

T-dependences which experiments can easily differentiate.

For short coherence length superconductors like \-Ba2Cu30ï-J. which guaran

tees the local electrodynamic liruit ~o « ..\. the lo\\' frequency (WT « 1) complex

cnndll('ri\"i ry is gi \'en hy (Bonn and Hardy 199G)

l
0"( ••:, T) = ad..:. T) - \')(T)

IL 0""'" , -

At la\\" tenlperature. a Drude-like peak in 0"1 (.'1..:). centred at ..: = O. will have a width

which can be interpreted as the quasiparticle lifetinle.

[n the local linlit. the conductivity is relatecl ta the surface impedance Zs =

R.~ + i.\:;. where Rs is the surface resistance and .\..~ is the surface reactance. by

_\..~(..I..'. T) = ILo ....·..\(T) (-lA)

(-1.5 )

•

•

Thus '\s gi\'es a lneasure of the superfluid density ~.:~~; = ,~;{(~)) responsible for

scrCll nil1g the InicrOWêl\'e fields and R.~. gO\'erned by the absorption by the normal

fluid within ,\ of the surface. gi\"es Cl rneasure of the normal fluid density. The surface

resistance is il bit conlplicated. but at lo\\' tenlperature. Rs can be clescribed as the

absorption of rnicrowaves by quasipartides (0'1 (-....,'. T)) within a shallow depth ("",2,\3),

Cnfortunately. the absolute value of ..\(T) cannat be deternlined by the microwa\-e

technique since precision nleasurements require that only shifts in the frequency can

be detected. By comparing with the penetration depth at sorne reference temper

ature. one can measure the temperature dependence of J,\(T) = ,\(T) - ...\(1.2 f{),

Then by taking ,\( 1.2 [{) fronl another measurement. usually far infrared reflectiv

ity. one obtains the desired superfluid fraction in the previous paragraph. Ideally.

.\( 1.2 [{) should be determined in sirnilar conditions as <L\(T).

\Ye can relate vF1V2 to the temperature dependence of the London penetration

depth. \Vithin a formulation based on well-defined quasiparticles (well-defined in the

sense that they are formed by the constructive interference of particle- and hole- like

excitations) in the superconducting state. Xu et al. (1995)~ Lee and \Ven (199ï) and

:\Iillis et al. (1998) have found a simple expression for the temperature dependence
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Figure 4.5: The temperature dependence of the penetration depth of YBa'!Cu3 07-J, pure and
doped. after Bonn et Cll. (1995). Xotice the linear behaviour in the pure sampIe (squares) evolves
\\'ith Ca and ~i doping and reaches T~ hph,l\'iollr wirh Zn.

of the superfillid density p~:

where ffl is the nHlSS of the carriers. n is the nunlber of CuQ:! planes per unit cell

and ~\(T) = ~\(O) + (}'\(T). where ~\(O) is the zero temperature value. :\"ow since
•

p.~(T) P.~(O) :21112 CF)k T
--=-----.)n(- 'B

rTl ~ ,Tl ;T li- L''2
(-1.6)

(4.7)

we LaIl relate the derinltive of Ps(T) at T = 0 to (}'\(T). which is the more direct

measurenlent:

1 6~\(T) _ 1 .)kBe2
(VF)---- - 4 n_-.}-n - .

.\3(0) T h-c2 L'2
(4.8)

•
Thus we have another way of measuring the ratio UF /V2'

In high purity samples of \·Ba2Cu306.95, 6;\(T) is indeed linear (Hardy et al.

1993). evident in Fig. 4.5. This is in contrast ta previous measurements on thin films

and lower quality crystals which yielded T'l.. Hardy and co-workers also measured a
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Figure ..1.6: The rcal part of the charge conductivity 171 (...... T) at five different frequencies (aiter
Hosseini et al. (1998b)). :\ote that the peak brIo\\" TL is rcminiscent of that in /'\,(T) (Fig. 7.2).

~arnple of Pbo.~.;Sllo.ù.') and round Cl very wcak ternperature dependence below about

DATe! which is consistent with the .-;-wuve scenario.

Another inlportant property is the charge conductivity 0"00. ~Ioreover. the

\\ïedernann-Franz law connects rLoo/T and 0'00- which was already shawn in Sec

tion 2.1.:3. Surface resistance measurenlents of undoped \·Ba2Cu:IOï-J show Cl linear

T dependence at low temperature (Zhang et al. 1994). The T = 0 extrapolations yield

al u = (0.-l5±0.15)xl06 Ç]-lm- l alonga and O"tb = (O.7±O.2)xl06 O-lm- l alongb!

at 3-1.8 GHz. For YBa2(ZnrCUL-.xhOï-6 with 0.15% Zn~ the real part of the conduc

tivityas T ~ 0 is O"la = (0.64±0.20)x106 n-lnl- 1and alb = (1.8±0.5)xl06 n-1nl- 1

at 22.9 GHz (Hosseini et al. 1998a). The errors are due to the /\~ appearing in al

and also due ta the fact that the numbers are nearing the resolution limit. "Vithin

the generous error bars. the a-axis '"alues do agree! suggesting universal transport!

though not convincingly. The true power of this technique cornes to light at higher

temperatllre. where different scattering mechanisms may be studied.

Belo\\" Tc~ al bas a peak (just as 1'1:) attributed to the cornpeting effects of the

collapsing quasiparticle DOS and inelastic scattering rate, where the latter "wins~'.

At the peak! however, the scattering time reaches a limit set by (elastic) impurities,

50 that clown to zero temperature the decreasing DOS gives us the overaIl decrease,
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Figure 4.7: ThE.' real part uf the charge conductiyity 0'"1 vs microwave freqllency .•,; for fixed tem
peratures betwrt~n -1-:20 K (after Hosseini et I!/. ll998b)). \Vhile at law freqllency the lineshape is
not exactly Drude-like. the fit is close enotl~h that it is possible ta extract a scattering time T from
the linewirlth. :\otice that al is linear at la\\" temperature.

though not to zero but a finite ntlue. It is actually possible to de termine the elastic

scat tering tinle in a spectroscopie study. By performing surface resistanee measure

rueuts at several frcquencies. Hosseini. Bonn and eo-workers have found that 0"1 (;.;)

at la\\' temperature does lun'e a Drucle-like lineshape. Below 20 K. the width has a

nearly tenlperature independent value of 8 GHz (as seen in Fig...l.7), which means

Cl "ery long quasiparticle scattering lifetime of 2 x 10- 11 s. evident in Fig. .1.8. For

Ur-- = 1 x 107' cnl/s (Lee and \Ven 1997). this means a. quasiparticle IT1ean free path

of 2 ILm!

One main ad\'antage charge conductivity has over thermal conductivity is that

the signal is purely electronic. 50 we can actually see the temperature dependence of

the quasipartides, :\[ea.surements show that the surface resistance (or ad below 30 K

is linear (Fig. -1.6). This indicates one seriaus flaw in the theory. for a T'2 dependence

is the predicted behaviour for a pure crystal (Hirschfeld and Putikka 1996), In a

Zn-doped crystal. a T 2-dependence does emerge. while Ni-doping induces an upward

curvature which is not quite T2
• •-\.t low frequencies~ the temperature dependence

actually becomes sub-linear for a pure crystal. For these reasons, Hosseini and CQ

workers have chosen ta compare results obtained in high purity (better than 99.99%)
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Figure 4.8: 1/. \'S T extracted from the ad .... ) data of Hosseini et (Ii. (l998b) by interpreting
the liuewidth a.~ the lifetime ùf the quasiparticles. ~otice that the el~tic scattering rate is roughly
consta.nt below about 20 K.

with calculations in the weak scattering or Born linlit. ·1 Qualitatively. Born scattering

causes O"l (T) ta rise rapidly frorn its luli \'ersal \'alue 0"00 ta sonle large value and ta

renulÎn roughly indepenclent of tenlperature uutil inelastic scattering effects hecome

itnpùrtant. As for the frequency clependence. al (T) in the Born limit does predict a

sub-linear ta super-linear behaviour with increasing ..10':. \Ve do point out that while

this appears consistent with the rneasurements. there could be non-local effects at

high frequencies when /\ develops a freqllency dependence. which would then produce

sorne effective T which is not impurity dorninated (\Valdram et al. 1997).

\re have shawn in this section that the tincal' ternperature dependence of the

penetration depth is a consequence of .V(E) ~ E. so that (L\(T) is also described

by L'F and L''2- \Vhile the linear penetration depth supports d-wave theory~ there

remains a. problem with the predicted 0"1 '" T 2
• casting sorne doubt as ta whether

the assumption of unitarity scattering is correct. The frequency dependence of 0"1

indicates that below 20 K. elastic scattering has hit the impurity limit. with a mean

free path of 2 j.lm. or a scattering time of 2x 10-11 s (scattering rate r = 1/(27) =

-IThese are indeed the "second generation~~ crystaIs grown in BaZr03 (Liang, Bonn and Hardy
1998). Ta ayoid clustering of oxygen Yacancies~ the crystals were o).-ygenated ta 7 - 8 = 6.993 and
thus almost free of defects.
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4.4.3 Infrared reflectivity

Opticai properties of superconductors can pro\'ide a weaith of infornlation. partic

uIa.rly concerning energy gaps and scattering rates. ttoughiy speaking. the ab-piane

optical properties of high-Tt: sllpercondllctors follow those of a nletai in which charge

carriers nlon~ coherently through the lattice. It is this coherent motion which ac

connts for the zero frequency Drllde peak in the condllctivity. The width of the peak

has been interpreted as the inverse lifetinle of the carriers.

Csing infrared reflectÎ\'ity, one can directly nH~aSllre the reflectance R(..J). ab

sorption (l - R( ..•.:)). surface inlpedance Z( ..•.:) and transmission T(I.l..'). These provide

infornuHion on rnicroscopic properties such as the conductivity a( ..~.:) = a'(w') +ia"(:...:)

and the dielcctric function t(,.~.:) = f'( ....:) + i€l/(w'). where é/l = ~iia'/'o4J. However. ex

tracting useful ql1antiti('S l'rom R(w') can hfl ql1ite invoh·ed. and one often relies on

Kranlcrs-Kronig analysis-when one qllantity is known over a large frequency range!

the other l'an be obrained via an integration over a.Il frequencies ..'j .-\lternativeIy. it

is possible to fit R( ...:) to (~=~ r~ and use the assuITlption that

(4.9)

where €D is fl'orn the Drude model. f.x is sorne known constant background term and

é e is gi\'en by

')

w'p , . fi

é e = [') .) . r( ) = €e + l€ew' (....: - w'- - l;,;..' w'

which can be arranged to give

(4.10)

(4.11 )

•
\Vithout getting into too many details. we show a ;;reeipe~' for extracting the fre

queney dependent scattering rate r("""'L courtesy of Timusk (1995) .



• 1. Obtain E( •.L)) frOlll R(~')

.) Sllbtract ED and t:c

:3. Get E~ = -1ii<7 /,.J.,'

-1. Kl'anlers-Kronig transforrn E~ to get t~ and tÏ1erefore t è

;J. Calculate rc..:) from Eq.(-l.ll)

•

•

Experinlcntal 1ji( ....:) rneasurenlcnts of optirnally doped YBa:2CuJOj-J with

7:.=9:3.5 I~ at 95 K show a lineal' terllperature clependencc at high frequency

lPllChko\'. Basu\' and Tinlllsk 1996). By titting the range 900-:3000 cnl- l
. the zero

frpquency extrapolation is r 0 == 1:280 K or over lOTe' which is enorlllOUS conlpared

to ather estirnates. This large cliscrepancy can be explainecl given that r == r(""",) as

=,uon as the energy cleparts frolll zero. Y. Ioreo\'er . F [R experirnents llsually start at

:30-30 C111- l . or about 43-,2 K. This is a signifkant proportion of ~o (about :200 K)!

Recall that for strong scattering in thl1 unitarity lirnit the scattering rate is pre

clicted to be ternperatllre clependent (Gross et al. 1986. Prohanlnler and Carbotte

1991. Hirschfeld. Putikka and Scalapino 199-1) (Fig. 2.7). So for ..4Jj~a ~ 0.:3. Iii is

10 tiules srnaller than at zero energy. [n this respect. we rea,lly should be comparing

with other nleaSllren1l1 nts in the gaplcss reginle. well below 10 K.

4.5 Vortex State

[n the vortex state. there are two natural regions of interest: within the cores and

between the cores. [n type-II ses superconductors. CarolL de Gennes and :\Iatricon

(196-1) showed that bonnd states within the cores have an energy level spacing ~ë ~

~2/=F' comparable to the energy level spacing of a particle in a box of size ~o. :\"ow

in YBa2Cu307-J where Ça is of order 10 A. ~E can be conlparable to ~~ 50 that there

nlay be only one bound stare or sa. However. in conventional superconductors. ~ê

can be as sillaU as 10--1~ sa that the excited states are essentially gapless (Tinkham

1996). Far from the cores~ Volovik (1993) has shown that the extended states become

• populated. vVe now look doser at what experiments can tell us about bound vs

extended states in \'Ba2Cu30,-J'
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Figure -1.9: ST~[ image of the vortex lattice of YBa·~Ctl307_.5 taken at T=-l.2 K and H =6 T
by ~[aggio-.-\prilp et al. (1995). (a) lOOx 100 nm:! scan-area. raw data. (b) 50x50 nm:! scan-area.
tilte;ed data.
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4.5.1 Scanning tunneling spectroscopy (STS)

•

•

\Ve introcluce \'ortcx state experinlents \Vith an ST~[ irnage of the vortex lattice

in Fig. ..t.9. procluced at ..t.2 K in 6 T applied along c (:\Iaggio-Aprile et al. 1995).

:\lthough the vortex lattice had been pre\'iously seen using the Bitter decoration

technique (Dolan et al.. \ïnnikov et al. 1989). it took another 8 years before the

first ST:\I irnage appeared. Part of the reason it took sa long is related to the dead

insulating layer which tends to form on the surface of YBa2Cu307-J crystals. In

1995. the so-called "second generation'~ YBa2Cu30ï-J crystals were born in BaZr03

crucibles (Erb. \Valker and Fliikiger 1995). BaZr03~ a by-product of flux growth in

yttria.-stabilized zirconate crucibles. is inert to the highly reactive solvents used to

grow YBa2Cu307-S. 50 these new crystals are the purest to date. \Vith improved

surface quality.

This technique also has the advantage of probing the quasiparticle local density

of states (LOOS) by tunneling. Outside the vortex cores~ the tunneling spectra are

essentially identical to those obtained in the )"Ieissner stelte. :\s the tip approaches

the centre of a vortex core. the 20 meV conductance peak (associated with the

gap ~) decreases in magnitude before disappearing altogether in the middle of the

core. 'VVhat is remarkable in Fig. 4.10 is the appearance of low energy peaks in the

core: bound states! These peaks are separated by Il meV, in agreement with the
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Figure 4.10: Tunneling spcctra of YBa:!Cu:i07-,i at -t2 K in zero field (top) and in GT (bottom)
l:aftt1r ~[aggio-:\prile et al. (1995)). For H = O. we sec the main peaks corresponding to ~o =
\2Ù±O.02) me\·. [n field. rhere are two conductance peaks representing core states.

measured 9.5 rlle\' fronl infrared absorption rneaSllrenlents. taken to be the lowest

qUi:lsiparticle pair creation energy. Since the first excited state energy ~l = ±5.5 me\'

and ~'!. = ± 16.5 nle\'. there can be at most -l bouncl states considering ~ = 20 rne\'

(obtaincd by their spectra and in good agreenlent with the weak-coupling result

~o = 2.1-lk BTc = li nleV). although the =2 states were not seen.

4.5.2 Specifie Heat

In Section 2.2.2. we showed the effect of an appliecl ulagnetic field on the density of

states of a dean d-wave superconductor. This DOS enhancement can be probed by

specifie heat measurements. However~ specifie heat in a field contains contributions

fronl many different excitations..-\lthough phonons are not affected by the field.

nU'ious other paramagnetic centres are. so that again there is the problem of multi

parameter fits as in zero field. Despite these complexities~ measurements by :\Ioler

et al. (1997). Fisher et al. (1995) and \:Vright et al. (1996) al! report the presence of

this d-wave behaviour.

• Before we get ioto the details of d-wave theory, we must point out that Jli
behaviour has been seen in conventional s-wave superconductors. In Fig. 4.11, we
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Figure 4.11: Field dependenee of the specifie heat of ~bSe:! obtained by Sonier et al. (1998) . .-\
fit ta JJi élr-pears ta follow the data..

can sec this sublinear H -dependence. which was at first puzzling~ since bound core

states are expected to givc a linear H-dependenee. Sonier et al. (1998) ha\'e explained

this effect in terrns of the changing Lore size with field.

Recall that in zero field. the clean lirnit quasiparticle specific heat is a.T2 • In field~

a .Jii dependenee is predicted. From the DOS (Equation (2.33)). we can write clown

the field dependent specifie heat as

C(T~H) = ~I'..(H) = ~2 k1N(O: Hl

8 k'2 a rJ[__-!i._ /_J..L

- 3 li lh Vepo'

(4:.12)

•

:\otice that a nleasurement of c(T: H) will give al L'2.

In Fig...1.12. we see that an application of field does cause an increase in the

specifie heat of quasiparticles. Specifie hear data are usually described by (:\-Ioler et

al. 1997)

(4.13)

where the Landé 9 factor is 2.0. The values of ""((0) and b are constrained by zero
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Figure 4.12: The tlU~ipartidespecifie heat measurement of \Vright e.t ul. (1999) showing a growing
imercept with field. Furthermorc. there is c\'idcnce of a crossover from T ta T'2 behaviour.

field fits. Here. the terni of interest. which corresponds to the field enhancement of

the qlLasipartide DOS. is "'. _(ff). By allowing a different "aIlle of AfJJ H) at each field~

~\loler et al. (1997) han~ obtained ~,_(H) = Jv1l. with J = 0.9 m.J/(nlol 1('2 Tl!:!).

\Vright et al. (1999) have round essentially the sanle "alue! 0.91 m,J / (mol 1('2 T l /:!).

Csing this "alue of J in Equation (~.12). wc get L'2 = 2.2ax 106 cm/s. \Ve show an

example of this v1l-depcndence in Fig...1. 13.

[f we examine the data of \Vright et al. (1999). plotted as cfT vs T in Fig. ~,12. we

see that for H = O. there is the eharacteristie d-wave T-linear behaviour! Le. c = uT'2.

\\ïth a magnetie field. cfT is fiat. but then crosses over to a linear behaviour. with the

crosso"er temperature increasing with field. \Vhen kaT < EH, we have cfT '" v1l.

which crosses o'-er to cfT '" v1lT when kaT> Eu. Thus we should be able to read

EH off Fig...L12. :-\t H = 1 T. the crosso\'er temperature is about 6.3 K. By setting

ka T(6.3I{) = EH (lT). we get aL'F equais ~.ïxl06 cm/s. \V'e could take VF/V2 l'rom

• microwave measurements and determine a~ but the error is large so we will put aU

the pieces together in Chapter 7 when we have another measure of VF /V2 (from zero
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Figure 4.13: Field dependent T-linear coefficient plotted vs Vil. after \Vright et al. (1999).

field r\.o/T) and also (lL'F (fl'orn in field 1'l.o/T).

l'pan generalizing to finite tenlperature. Simon and Lee (1997) have pl'edicted

that thennodynamic and transport properties should obey scaling relations \vith

respect ta the variable T / v7l. Recent work by Kübert and Hirschfeld (1998a) show

a. bl'eakdown of scaling when the impurity band wiclth "1 becomes comparable to the

é1\'erage qUélsipal'ticle energy shift Efl due to a magnetie field. In the dirty limit. the

specifie heat is predicted to have an H ln H field dependence rather than a Vii. The

la\\' tcmperature data (~Ioler et al. 1997. Fisher et al. 1995) seem conlpatible with

bath forms .

.-\lready. wc see ho\\' conlplementary specifie heat measurenlents are ta thermal

conductivity. Both a.re go\'erned by the same parameters. 50 we are in a position to

make a direct conlparïson between theory and the t\Vo measurements. ~Ioreover we

shall see whether the assumptions built into the eurrent theory, namely that inelastic

and vortex scattering of quasiparticles are negligible~ are indeed reasonable.
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• 5 Experilllental Details

[11 this chapter we describe details of the experilnents in a dilution refrigerator

which can be inserted into a hOlllogeneous magnetic field. Together. they can produce

an lln\"irOllllleut of 1,j Ill1\: in 15 T. althollgh typical operation lilnits are 50 lIlK and

8 T for the IlleaSllrenlcnts we clescribe.

5.1 The Cryomagnetic System

• TI) probp the residllal quasiparticle behayiour. it is necessary ta cool the sanlples

below 100 nl1\:. sa wc use an Oxford [nstruIlwnts Kclyinox :300 :lHe-"He dilution

refrigerator (fridge) whose base ternperatllre is 7 rnK unloaded. \\ïth aU the wiring

and interference fronl a nearby radiofrrquency (RF) antenna. experilIlents tend ta

start at 50 luK or higher. In ')l'der to access the 20 IllK range. wc have recently

cnclosed the systenl in a 100 dB shielded coppel' roonl: work on lower tenlperature

therrnometry is currently underway.

.-\lthollgh the :l He- -t Hll mixture is in a closed systell1 and therefore constantly

recyclrd. wc do use roughly 25 litres of ·1 He (LHe) pel' clay. 50 in order ta keep

the consunlption of LHe at a mininlum. there are two layers of insulation between

the nul.În "He bath and the outside world. The Dewar consists of an outer vacuum

•

chanlber. a liquid nitrogen (L;\'!) filled jacket and then the nlain bath. which holds

38 litres of LHe.

The principle of 3 He-·1 He dilution refrigeration was first proposed by H. London

(1951) but it was only in 1965 that a Cni\'ersity of Leiden group first built one that

reached 220 mh~. These days. commercial units are available whkh can easily go

clown ta 2 mK. Ta go any lower. most apparatus inc1ude dilution refrigerators as a

preparatory stage of cooling.

By pumping on -1 He whose boiling temperature is -1.2 K. it is possible ta reach

1.2 K. whereas with 3He. it is possible ta reach 0.3 K due ta its higher vapour

pressure. However. by creating a mixture of the two. the millikelvin range becomes

accessible. Below 0.86 K. phase separation occurs. with the lighter pure 3He phase

ftoating on top of the dilute phase. so-called because the 6,4% 3He is ~~diluted" in
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an inert superfluid bath consisting of the 93.6% -tHe. It is owing to this miscibility

that the whole process is possible. \Vhy should 3He \Vant to be in the lower -tHe

rich phase'? In this phase. thclHe are doser together than the 3He atoms are in the

:3He rich phase. due to the higher zero point motion of the lighter :3He. So in other

words. the -tHe atoms are doser to each other. This means that for Cl 3He atool in

the dilute phase. it is doser ta its .tHe neighbour and therefore its binding energy

is larger-this is the energy requirecl ta remove an atom from the liquid phase into

vacuurll. ~[oreover. when :3He crosses the phase boundary into the dilute phase. the

change in enthalpy is positi\'e 50 that the temperature of the mixture dec'rease.s. By
renloving :lHe fronl the dilute phase. more :JHe \vill cross the boundary and further

cooling results. This is accornplished by punlping on the still. in which the dilute

phase is heated ta roughly 0.7 K. at which tenlperature the vapour pressure of 3He

is about 1000 tirnes higher than that of .tHe. so that 3He is distilled and circulated.

rB practice. the dilution refrigerator is extremely efficient. Let LIS trace the circula

tion of:3 He froI11 the t\\"o storage dunlps mainrained at roon1 tenlperature. \Yhen first

l'ooling down. the gaseous mixture goes into two LX,,!-cooled traps at 7ï K to n~mO\'e

iIIlpurities like nitrogen and oxygen before being fllrther purified by the main bath.

which traps hydrogen and other light gases. FraIn this point onwarcl. a \'acuum heId

by the inner VêlCUUIl1 chamber (in which the sanlples are located) isolates everything

froni the main bath. The gas no\\" enters the condenser. which is in thermal contact

with the L K pot. fed by the Iuain bath through a needle valve and nlaintained at

roughly 1 K. as the name suggests. The high impedance of the condenser causes the

mixture to liquify before passing through a series of heat exchangers into the mixing

chamber. in which phase separation occurs. At the same time. sorne of the dilute

phase is going np into the still via the saIlle heat exchangers! thereby cooling the

incoming liquid. From the stilL 3He is pumped away by a roots pump backed by

a sealed rotary pump. Once the dynamical equilibrium is achieved! only the 3He is

circulated and one gets continuous cooling of the mixing chamber.

The entire friclge can be inserted into a comnlercial15 T superconducting magnet.

At the tenlperature of the main bath of 4.2 K. the quench field of the magnet is 13 T.

In order to obtain 15 T! it is necessary to further cool the magnet. Of course one

coulel pump directly on the main bath! but in this case brute force is neither necessary

nor particularly desired! Instead! one can use a lambda-point refrigerator (À-fridge),

which is a toroidal coil that can be fed by the main bath via a needle valve. By
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purnping on this sInall \'olume of -lHe. the surrouncling bath cools and the cooler

heliunl sinks to the bottonl of the bath. This cooling process continues until the

heliutn reaches 2.17 K. the larnbda-point at which -lHe becomes a superfluid. Further

cooling pushes the superfluid bOllnclary up to the top of the ...\-fridge 50 that the

bath around the luagnet is cool enough ta sustain a CUITent of 100 :\.. supplied by a

PS-120-10 power supply fronl Oxford Instnuuents.

For sensars or experinlents which are sensitive to a magnetic field. there is a

caneflliation field which praduces il zone of zero field about the mixing chanlber. This

is where we keep our nlain thernlolueter. a calibrated Ge resistor fronl Lakeshore.

Before conunencing \Vith an experiluent. wc Illust filter aIl the \Vires going into

rhe fridge: otherwise. parasitic capacitance woulel heat up the sensors and give false

readings. To this end. wc have constructed filter boxes for the three connectors. These

.-\1 boxes hold capacitive-inductÏ\'e filters froln Spectruru Control with an attenuation

of 20 dB (70 dB) at :3 ),[Hz (1 GHz) which rid the higher frequency RF noise. The

effeet of the filters is rnost pronounced on the Ge sensor: for exanipie. at 50 mI\:.

reIIlO\·ing the filter cau~es the Ge to irurnediately heat up ta at lcast 100 niK. \Ve

also use a low-pass filter on the current going into the heater.

5.2 Thermal Conductivity: The Technique

In principle. the steady-state one heater. two thernlorneter technique employed ta

Ineasure thernlal conductivity is \"ery sirnple (refer to schematic diagram in Fig. 5.1):

howc\·er. complications arhie frorn working at low tenlperature with sanlples of nlod

entre thermal resistance.

.-\ typical sampie nlount is 30 mm by 30 mm. on which we fit (a) a copper sample

holeler known as the "tongue·~. (b) a heater. (c) two thermorneters and (d) 2 x 14

contact pads for wires:

(a) the san1ple holder is a thin plate of copper of sides 8 nlm (plus protrusion on

one side for the sample) and thickness 1 mm. \Vith a -1 mm clear drilled in the

centre sa that an :\[--1 brass screw can be used to establish good thermal contact

with the mount. to which metallie sanlples are attached by solder and others

by silver epoxy:

• (b) the heater is simply a resin-enibedded strain gauge from ~licro-NIeasurements-

prized for its lack of temperature and field dependence-which we heat resis-
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Figure 5.1: :\ schematic diagram of a thermal conductivity mount. adapted from Lambert (1998).
The coils on the heater are made of :\"b-Ti 5uperconducting wire.

tively (arder 0.3 n\V power at 100 mK) by passing a current from a current

source:

(c) each thermonleter is a 1 kO RU02 resistor anülable in bulk from Dale~ which we

calibrate in situ against a calibrated Ge sensor for each mea8'ure'ment:

(d) the thermal concluctivity rneasurenlent takes ten wires: two for the heater and

four for each therrnonleter: the remaining four \Vires are for the resistivity

measurement using the same contacts.

Before getting any further we Inust first construct miniature mounts for the heater

and thermometers. The heater, or strain gauge~ is glued with GE varnish to a 2x3

mm2 piece of Cu foil: underneath the foil. there is a non-superconducting contact ta

which a 100 J.lm Ag \Vire from the sampie is soldered. ~Iounting the thermometers

is a bit more involved since we have to heat-sink the wires ta make sure we are

not heating the sample by measuring it. This is accomplished by constructing a

2 x 3 x 1.5 mm3 rectangular base \Vith a cylindrical extension 1.5 mm in diameter and

2.5 mm long around \vhich ta wrap \Vires: we apply a layer of Ecobond 286 epoxy and

tissue paper between the rectangular face and the RU02 chip~ having first sanded the

wraparound contacts fram the sicles and bottorn. Then one 40-gauge Cu wire from
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a twisted pair is soldered ta each of the t\\"O contacts on the RU02 chip. wrapped

around the cylindrical part and soldered ta t\Va contact pads on the side of the

rectangular base: the twisted pairs are brought inta thermal contact \Vith the Cu by

GE ïO:31 varnish. Additionally. there is a 100 Ilnl Ag wire soldered ta the bot tom of

the rectangular base using nan-sllperconducting solder ta bring the thermometer and

(made by DuPallt. chosen for its pOOl' heat conductivity) ta hold the thermonleter

at sample height. :\"ote that the wires were carefully seleeted ta have high thermal

resistances cornparèd ta the saluple 50 that aIl the heat will go through the sé:lrllple.

:':ow that we have the cOlnponents. we l'an assemble a sanlple Inount. The ther

mOIllE'ter nlounts are held in place by GE \ëunish on the sanlple rnount and are

christened T + and T- depencling on praxinLit~· ta the heater. To each of the twa

contact pads on the tt1flrrnorneter TllOllnt are solderecl t\Va coilecl 50 ILITI :\langanin

wires. one for current and one for ,'oltage. ruaking four wires in total gaing ta each

tllennollleter. Xext we plant the heatcr nlOunt in rnuch the same fashion. only the

current to and froIll the heater is carried by twa 50 tln1 superconclucting :\"bTi wires

:3 cm in length. There rernains only ta attach the Ag wires from the heater and ther

mometers to the silver wires on the sélrnple for the thermal conductivity part of the

mcaSllrPlnent. As regards the resistidty. wc attach Cl :\g wire ta the wire between

sampIe and heater as 1+: sirnilarly. one to the ",ire l'rom sample and thernlometer

T + as \'+ and one ta the wire frOITl sampIe to thernlometer T- a.s V-. In this case.

1- is Earth,

Once the sanlple mount is ready. it can he attached ta the ;-rair' of the fridge using

three ~13 brass screws. The tail is machinecl from one saHel rod of Cu. with an :\16

serew on one end which screws into the bottanl of the mixing churnber of the fridge

and a. fiat sampie stage large enaugh ta acconlmodate three thermal conductivity

mounts at the other end. The cylindrical part of the tail has t\Vo cross-sectional

slices along the length ta recluce eddy current heating~ which goes as (diameter)4.

For samples requiring zero magnetic field ",hen the main rnagnet is on~ there is a

separate sample stage which can be mounted on the bottom of the mixing chamber.

in the compensated zone.

To measure the thermal conductivity of a sample. we use a Stanford Research

• Instruments SR-850 lock-in amplifier to measure each thermometer and a Keithley

22-1 current source for the heater. Temperature control is accomplished br a TS-53ü
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Figure 5.2: An example of RuO~ calibration against the Ge (see text).

fronl RY-electronikka tenlperature controller and a Linear Research LR-ïOO resis

tance bridge monitoring a. calibratecl Ge sensor from Lakeshore Cryogenies..-\t a

given tenlperature. we wait until the thermonleters give a stable reading~ which usu

ally means that thermal fluctuations and electrical noise are less than 50 nVaut of

a typical signal of 60 J.-LV: often the noise is less than 10 nV. Once deemed stable~

we measure the thermonleters \Vith zero heat applied ta the sample. This will even

tually make up a calibration curve of each RU02' ~ext we apply a current to the

heater to set up a temperature gradient (.:1TfT = 5%~ typically) across the sample.

.-\fter further waiting, we measure the thermonleters again and then go to the next

temperature.

Data analysis consists of fitting the thermometers. First we plot voltage vs tem

perature of one thermometer with no temperature gradient. Then from a polynomial

fit of the temperature~ we can determine the temperature corresponding to the sig

nal with the heat on (see Fig. 5.2). The gradient is the difference between the twa
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thernlOllleters. ~T. and the therlllal conductivity '" is simply 6

['lR
""=--

o.~T
(5.1 )
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where 1 is the current supplied to the heater of resistance R (Q = rl R) and Q =
(eross - sectional area)/(length betlL'een contacts) = AI L is the geonletric factor

of the sample.

\\ïth heat transport. one always worries about heat losses. Below 1 K. radiative

dfects are irrelevant. but not 50 enrrent "leaks" via wiring on the rnounts. To ensure

that aU the heut frolll the heater goes throllgh the sample. that heat path nlust have

the lowest thernUll l'psistance of aIl possible paths. In the thesis of Lussier (199ï). it

\Vas sho\\'n that lasses for these mounts are less than 1% below 1 K for sanlples with

a therrnal resistance of l'oughly Ir = 10:J \\jlllK. which corresponds to our least

conducting sample.

..-\S a test of the set-up. we rneasurcd the thermal conducitivity of a piece of clirty

..-\ U \rire uf thennal resistauce Ir = 10-10 \\j ru1\:. Since .-\ll i5 Cl normal metal. bath

r,~ and p are constant at low tempcrature. gi\'ing Cl Lorenz nllnlber of 2.5ïx 10-8

\\"[21\:-2, which is 5<fr larger than Lo (see Fig. 5.3). Thus heat loss is at most 5% for

salllples of conlparable thennal resistance: in faer. it is llluch less considering the 5%

error includes that from fitting the thermometers.

In il magnetic field. there are additional factors to consider. First of aIl. our

RuO,,! thernlonleters hax€ a nleasurable nlagnetoresistance. Since we calibrate the

thel'nlonleters for each l'un against Cl known Ge resistor nlouilted in zero field. we al

ways measure the true tenlperature. \\'e have. however! nlade one modification to the

sampIe mounts due ta the long equilibration constants associated \Vith the specifie

heat upturn due to the nuclear moment in Cu. By replacing the Cu thermometer

rnounts by Ag anes! we have reduced the waiting times by 75%: the remaining limi

tation cornes fram the Cu within the 'YBa2Cu:307-J samples themselves.

For our study of the magnéiic field effect on ""oiT of ·YBa2Cu30ï-J. we normally

rneasure the samples in zero field before applying a field. vVe were concerned about

tiFor low temperature! ci = t J~L dxq = t J~2 dT/'i.(T) where A. is the cross-sectional area and L
is the length between contacts. In the case of electrons. /'i.e = KoT where 1'0 is a constant. This means
that Q = fT(T:j-T't) = fT(T2 -Td(T2 +Td = t/'i.oT~T = i~e(T)~T if the gradient is small.
This result is general! and works the same for phonons when l'ph is assumed to be proportional to
T3.



•

•

- ')J._ Thermal Conductidty: Tbe Tecbnique

__.__.~n

. .
O. 8 ~_._._.--i-~--,..,).

o r

~ C6t . . : : ~-

~.: L.=~:~::::.::~:: :.: .... I::=-:_.=--:._--
of. ,,; , 1" :"" i ,

o 0.1 0.2 0.3 0.4 0.5 0.6

T [K]

67

•

•

Figure 5.3: Lorenz number L = t\.oPo/T di\'ided by Lo =2.-l5x lO-8 \Vn/K'.! \'5 temperature for
a piet:t' uf Au \\"in~.

the hornogeneity of the vortex lattice because pinning is known ta be strong in

these nw.terials. so we field-cooled a sampIe. This involved pre-cooling the magnet

ta -l K while the salnplcs within the [YC renlaineci at raanl tenlperature. Then by

slowly lowcring the insert into the He bath (and llsing a lot of He!) and intradllcing

sonle exchange gas into the IVe. wc cooled the sanlple below the superconducting

transition in il field of 8 T. l'pan measuring the thernlal conductivity. we gat the

sanle results as when the sanlple was caaled in zero field. 50 there is no need to field

cool our sanlples.
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A finite lirniting \'Cllue for he/T is one of the major predictions of current theo

rips of transport in uIlconventional superconducting states ((\"ornHlIl and Hirschfeld

1D9Ga. Graf et al. 1996) and rcfl'renees therein) ..-\ rnissing [-atom acts as a Kondo

irllpurity in a cornpensated lattice. cansing rnllitiple scattering and large phase shifts

r511 = 7ï /2. \\ïthin sueh a rpsorUl.nt irnpurity scattering nlodel. a Hne of nodes in the

gap caIl gin~ a tinite intercept in tï./T vs T.

Here we present our experitnental data on l"Pd'2.-\h. along with a review of sirnilar

work performed by others. \re also include the therrnal conductivity of CPt:3 since

wc willllse the thenry de\"(~loped for CPt:1 ta try to explain the situation in L·Pd'2.-\h.

6.1 Review

• Ta the best of our knowledge. there have been two measurements of the thermal

concluctivity of l"Pd'2.-\h. The first one by Geibel et al. (1992). on a polycrystal of

similar quality to ours (based on Tc). goes clown ta roughly 100 ml\:. \Ve see in Fig. 6.1

that a snl00th extrapolation of the lo\\" ternperature zero field ",/T has an interccpt

at T = O. In an applied field. tï./T increases. though there is no chance of seeing the

\'olovik effect (Doppler shifted quasiparticle states described in Section 2.2.2) since

the lowest applied field is already Hc'2/2. where there is significant pair-breaking.

In the first nleasurement of a single b a..xis crystal, Hiroi et al. (1997) used a

:IHe fridge presunla.bly. since the lowest temperature is about 300 mK (see Fig. 6.2).

Belo\\' 1 K. they obtain Ii/T "-' T. 50 we can extrapolate ta T = O. There is also

a fini te KoIT. though to determine the actual value it would be better to go below

100 nlK. Indeed, our data go to lower temperature. and by measuring a c a..xis crystal

• as weIl, we can determine whether there are nodes along c (not seen by tunneling)

and get a measure of the anisotropy.
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Figure 6.1: Temperature dependence of the thermal conductivity dh'ided by temperature Ii/T in
l·Pd:!.-\l;.l obtained by G('ibel et Ill. (1992) . .-\ growth in Ii/T appears with applied field. The curves
do not appear ta be corrected for magnetoresistance. which is positive and therefore brings li do\\tn.

6.2 Sample Properties

..\. total of three crystals were nleasured-one polycrystal and two single crystals.

The polycrystalline sanlple was grown and annealed using RF induction heating in

ultrahigh \·acuum. This sam[Jle has a Tc of 1.86 K and Cl. room temperature resistance

ratio (RRR. p(300 I{)/ Po) of 36 (Po = 3.8 Ilncm). The two unannealed single erystals!

eut from the same ingot. were grown by ~. Sato et al. (1992) at Tohoku University!

Sendai. Japan. using the Czochralski pulling method in argon. From the resistivity

nleasurements in Fig. 6.3. the single crystals have lower Tc !s! being 1.55 K for the

b-axis crystal (RRR = 21) and 1.25 K for c (RRR = 7).

•
6.3 Experimental Results

\Ve begin with the normal state (Fig. 6.4) attained in a field of 4.5 T~ since it is

metallic and easier to understand. j\Iagnetoresistance is positive and roughly 20%

in 4.5 T. In the polycrystalline sample, the Lorentz number L = n.p/T at 100 mK
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Figure 6.2: Temperature dependence of thermal conductivity divided by temperature ",fT in ab
éL\:is l"Pd:lAh crystal obtained by (Hiroi et id. 1997). As in Fig. 6.1. K.IT increases with field.

is 2.:3:2xlO-1'l \\"r1K- 2 • which is O.95Lo (Lo = :2.-l.5xl0-8 \rrn,,:-2 ). in agreenlent

• with the \\ïec1enlann-Franz law. For the single crystals. "'N /T is extreniely fiat. and

L = 0.96Lo along band L = 1.1Lo along c. In aB three cases. the agreernent with

the Sornrnerfcld value Lo tells us that the linear terni is purely electronic. As a

result. we take the electronic part of "'s /T to be Lo/ Po from 0 to 1 K. Rega.rding

the temperature dependent part. the ronghly linear increase in /\'N /T seen in Fig. 6.-1

must be due to phonons. since magnons have a gap of about 17 K~ determined from

high resolution inelastic scattering (~[etoki et al. 1998).

;\ext. using "-ph = CpilL'ph'\ph/3. where the specifie heat Cph = 8.0xT3 .Jrn-3K-4

(Caspary et al. 199:3) and the axerage sound velocity L'ph = 5.73 X 103 rns- 1 (from

elastic constants of :\[odler et al. (1993)L we estimate the phonon mean free path

.\ph ta be .50 tlm at 0.6 K. By 175 mI( it has increased ta 160 j.Lm. roughly 1/4: the

sarnple size. These are surprisingly long phonon mean free paths for a metal.

• Let us no\\" turn ta the superconducting state data~ shown in Fig. 6.5. 'Ve ob-

serve the existence of a substantial intercept in Ii/T in aIl three samples. A smooth
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Figure 6.3: Resistivity p \'5 temperature T for the three samples of CPd2 Ab. The polycrystal has
the highest Tc and sharpest transition. showing that it is of a higher purity than the single crystals.

•

•

extrapolation of the data for the polycrystal ta T = 0 gh'es a. lirniting l'i./T = 0.6

O.S rn\V K-:! crn- l
. about Ujjé of the nornul.l steHe value La/Po. nlast likely due ta

residual qUê:1siparticle excitations. For the single crystals. we find l'i./T ta be linear for

T < 0.5 K. frorn which fit l'i.o/T is (O.9:2±0.06) nl \V K-2 cm- 1 (0.29±O.02) along b

(c). Here~ the residual quasiparticles comprise about 25% of the normal state value.

\Ve can conlpare aIl three quantitatively.

Since CPd2 Ah is hexagonal. we can average K for the single crystals to see if

they agree with the polycrystal. by taking ~l'i.b + îKc' Indeed, when we compare this

é.l\'erage value with the polycrystaL we find agreement at la\\' temperature. shawn

in Fig. 6.6. At higher temperature. the phonons come into play. which are highly

sample depenclenL 50 the agreement breaks clown.

',Vith respect to the previous la\\" temperature measurement ln a polycrystal,

Geibel et al. (1992) find a residual linear term of roughly 0.8 m \V K-2 cm-1, which

agrees very well \Vith our value. In the b axis measurement of Rirai et al. (1997), at

300 mI{ (their lowest temperatureL tilT is about 2 m\V K-2 cm-l~ which is what
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Figure 6A: ~orIllal state thermal l:onductivity divided by temperature ti,V IT in l"Pd"'!.\b for the
pùlycrystal (solid drcles). b a..xis crystal (ùpen circles) and c axis crystal (open squares).

wc obtain. AlI experirnentally detcrnlincd \'alues of KIT that we kno\\" about agree

extremely weB.

.-\t this point. we see that the nornull state beh~l\'es as a ruetaI. obeying the \VFL

at T = O. :\ slope develops at finite temperature. which we attribute to phonons.

since the magnons are gappecl. In the superconducting state. the main result is the

observation of a linear term in li. indicating the existence of a residual normal fiuid.

\re point out that in cornparing different samples. 1'i.olT does not appear to be much

afl'ected by the impurity concentration.

6.4 Comparison with Theory

• Assuming the dominant scattering of phonons to come from grain boundaries and

electrons~ we can estimate the boundary scattering rate B and the e-ph coupling
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Figure 6.5: The thermal conductivity of CPd2 Ah. divided by temperature. for the polycrystal
{solid drcles}. b-axis crystal (open cirdes) and c-axis crystal (open squares).

• strength E from Debye theary:

k~T:3 j'X .r'leI(eI _... 1).-2
t\.ph =. _') 3. dx------

211 - ft Lph 0 B + ExT
(6.1 )

•

:\ fit ta K.v(T)-I'I:.v(O) using Eq.(6.1) yields B = 1.5x 106 S-l and E = 5.9x 106 K-1 S-L.

which Ineans that electron scattering donlinates at aU but the lowest temperatures.

This \'alue of E is somewhat less than in CRU2Sb (1.5 x 10 ï
) (Behnia et al. 1992)!

and much less than in Xb (2x 109 ) (Kes et al. 197-.1) and V(3x 109 ). This anomalously

weak e-ph coupling is the mast unusual feature of the normal state K in CPd2:\h.

~ow. as seen in ses superconductors such as ~b (I<es et al. 19(4). the large

reduction in the number of quasiparticles available for scattering phonons at la\\"

tenlperature should cause a major increase in .\ph' vVe focus our attention on the

polycrystal since it is the purest sample: the other two may exhibit extrinsic effects.

If the rise in K,.v /T is due ta phonons scattering off electrons~ one would expect the

slope of KJT in the superconducting state ta increase dramatically. It does not. In
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•
faet. it seenlS that the non-electronic contribution ta t\.s IT is unaffected by supercon

ducti\"ity. cvidenced by the sinlilarity of slopes seen in Fig. 6. ï for the polycrystal. (It

would have been infornultive to rneasure t\. through Tc~ except this was not possible

in a dilution rel'rigerator.) \\lu:!ther other scattering mechanisms play a role requires

l'urther study. At this stage. we adopt the following sinlple-minded procedure: the

electronic thernul.l conduetivity helT in the superconducting state is obtained by

subtra.cting from the H = 0 clata in Fig. 6.5 the slope of t\.,\j IT. The result is shown

in Fig. 6.8. narmalized by LoiPo.

Calculations such as those performed for CPt3 using a spherical Fermi surface

;- gÏ\'e the cun-es shown in Fig. 6.8 (:\""orman 1996b). The unitary limit is assumed.

inelastic scat tering neglected and the impurity scattering rate taken ta be ra =

•
';'For a spherical Fermi surface we use spherical harmonies to represent the gaps: YlO ...... cosd>

corresponds to the polar gap. Yll - sino the a'dal gap. 1'20 ...... 3cos2
C) - 1 the "tropical" gap!

12l - siru/)coso the hybrid-I gap and i 32 ...... sin2ocoso the hybrid-II gap. Calculations were not
done for the a"dal and tropical gaps since the a'dal gap contradicts our measurements and the
tropical gap \vas only later considered.
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}r = O.3Tc (~onnan 1996b). in agreernent with the \'alue detel'mined fronl de Haas

\ëln .-\lphen Illeasurements (Inada et al. 199-1). The conlparison in Fig. 6.8 shows

that the theory predicts the l'ight [uagnitude for the residual linear rerm. which is

inclependent of the \Vay we tl'eat the phanons. This is not true for the T-dependence.

rhus the discrepancy seen in Fig. 6.8 must he taken with caution. \Ve emphasize that

this treatment only nlé:l.kes any sense at T = O.

\"aw as for the anisotropy. we see in Fig. 6.9 that the ratio /ici Kb remains finite

at T = O. Right away we can discard the polar gap. which has no node along c. and

henre a ratio of identically zero. \Ve can alsa rule out the axial gap which has only

nocles at the poles. Since the "tropicar' .-\.19 gap has two line nodes shifted off the

equator. there can be a quasiparticle momentum component along c even though

there are no nodes in the c direction: in facL at T = O. the ratio is expected ta be

"'-cl t\.b = 1. \\ïth only spherical Fermi surfaces in the calculations~ it is difficult ta

j udge bet\'~·een the two hybrid gaps. Cntil further calculations are perforrned. we \vill

have to be content with having eliminated the polar and a.xial gaps.

It is interesting to compare with measurements in other heavy fermion supercon

ductors. In high purity CPt3 single crystals. the anisotropy licl Kb drops as one enters

phase B belo\\' Tc- (see Fig. 3.1). This immediately strikes out the a.xial gap. Of the
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Figure 6.10: Thermal conductivity of CPr.:] of Lussier et al. (1996) along c (open circles) and b
(solid circles). The cun'e marked 19 is for the El'] (or hybrid-I) gap. and 2LL for E'2u (or hybrid-II).
with the solid (da~ülPd) linp corrpsponrling ta J along b k).

sirnple gaps which we consicler. the polar and hybrid gaps are consistent \Vith this

finding..-\5 for the separate hb/T and l'i.c/T data. there is no evidence for a finite

intercept (Lussier f.t al. 1996). e\'en in data. taken clown to 16 mK as Sudero\v et al.

099ï) have clone. This nlay be clue ta a lower impurity scattering rate. in accordance

with the lowcr residual resistivities (0.23 and 0.61 ILOcm). However. estirIlates show

that the scattering rates are not 50 different. \Vith f o=O.1-0.2Tc (Lllssier et al. 1996).

From theoretical fits of CPt3 shawn in Fig. 6.10. l'rom which we observe that the

hybrid-II gap (E2rJ pro\'ides a. better fiL f o=O.05Tc or less (:\"orman 1996b). Recent

measurernents of Suderow et al. (1999) do see a. linear terrn in electron-bombarded

sarnples of high purity CPt3. up to 50% of the normal state value when Po is increased

to -l ItOcm. This contradicts the popular E2u gap~ which predicts a universal linear

term. Several "new'~ gaps ha\"e been proposed. but we refrain from describing them in

detail as they may weIl be overthrown in light of more theoretical and experimental

work.

As for CRU2Sb, a large residual KIT-approximately 30% of the normal state

\'alue-was observed for a crystal \Vith Po=9.5 j.dlcm (Behnia et al. 1992). Roughly

speaking, this makes sense within the theory since Po is 3 times greater than in our

UPd2 .-\.h sample. Finally~ we point out that in URU2Si2~ the phonon contribution
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is nlore easily explainecl. The slope in ti./T in the superconducting state at lo\v

tenlperature is roughly -l times steeper than in the normal state~ consistent \Vith the

iclea. that phanons Lontluct better due to the 1055 of electrons. their ITlain scatterers.

.-\gain. it is puzzling that in CPd2 AI3 . with a comparable e-ph coupling. the loss of

electrons appears to have no affect on the phonons.

\Ve hê:l\'e seen that aU existillg therniai conductivity data of CPd2 .-\.l:J in the su

p(\rCOndllcting state show a T = 0 linear ternI of coniparable size. However. without

knowing the details of the sanlples rlleasllred by athers. and with 5uch Cl linlÎted scope

sa far. it is difficult ta daim any universal behaviour. Compared with L~R1l2Si21 the

tl-ph cOllpling tenu in L"PcbAb seenlS anomalously low. \Vith respect ta the ob

sen'ed linear ternIS. L"Pd'l.-\h. (dirty) CPt:i and L"R1l2Si2 ail have order parameter

zeroes. \Vhile bath the axial and polar gaps ha.\'e been ruled out in CPd2 .-\.13 • there

still renlain spveral possibilities of nuying degrees of exoticisnl to be examined more

dosely.

6.5 Conclusion

\~arious probes show the existence of nodes in the gap of CPd2 .-\13 • The power law

tenlperature dependences of the :\'~[R llTI and specifie heat in CPd2 .-\b were arnong

the first indications. Fronl IlSR and the specifie heat jurnp. it appears that the be

haviour follows that found within weak-coupling BeS theory. only with an uncon

\"entional gap. However. tunneling conductance data seerll to favour strong-coupling

of the order pararneter to spin wave fluctuations. \Yhile this is the prevalent opin

ion. there has not yet been any unanlbigous evidence supporting spin-wave mediated

superconductivity.

By llsing thennal conductivity. we have observed a finite K.oIT in CPd2.-\13~ of

comparable magnitude to measurements made by others. From this, we also conclude

there must be a Hne node along the b direction. Our observation of a finite residual

anisotropy /\'c/I'\.b indicates that either there are nodes along the c-axis or there are

line nodes about c which are not in the equatorial plane. The latter would support

tunneling results fa\'ouring an -4. 19 gap \Vith two Hne nodes about c but no nodes

along it. The structure of the superconducting gap remains unc1ear~ \Vith several

possibilities-either a combinat ion of polar point nodes and one or more Hne nodes

remaining open. :\[ore work~ both experimental and theoretical~ are necessary.
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In a sense. this work on CPd2 .-\13 serves as an introduction ta the possibilities of a

directional probe snch as thernull conductivity. \Ve will see! in the next chaptec the

strength of this technique in reyealing the character of residual quasiparticles when

the order parameter is better known.
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7 The Thermal Conductivity of

YBa2Cu307-8

7.1 High temperature review

Considering the results reported in this thesis have been nlainly performed in a

dilution refrigerator. anything abo\'e l I\: is elcernecl "high temperature"! Of course.

JHe people \Voulel cali our tenlperature range ··high". So we hereby define "high

tPIllperature" as being abon~ .5 I\: within the confines of this thesis. In this section we

rp\'ipw f{ abo\'p ;) K. where \\'t"l can already lcarn a. lot about the donlÎnant scattering

InechanisIIls in the cuprates. as weil as the contribution ta t\. from both electrons and

phonons.

The main l'enture of h:(T) in YBa'2Cll:~07-,j at high temperaturc is the peak below

Tc. ciisplayed later in our discussion of Zn doping (Fig, 7.2). \ \"hether this peak is duc

ta electrons or phonons \Vas undear for sorne tinle. In charge conductivity (Section

-1.-1.2). which only in\'olves the electrons. the peak arises as a result of the falling

inelastic sl'attering rate heating out the decreasing nurnber of electrons. The sanle

argument can be applied ta /'{. but wc have also phonons to consider: given that the

electrons are condensing into the superconducting state. phononic heat conduction

will certainly increase when their main scatterers "disappear~~ fronl sight. Can we

son1cho\\' separate the charged froIIl the neural carriers'? Fortnnately. there is a way:

thermal Hall condllcth-ity. an energy analogue of the Hall effect.

The nuLÎn adnl.ntage of thernlal Hall conductivity K ry • aiso known as the Righi

Leduc effect. is that it is possible to measure qllêlsiparticle heat transport at aU tem

peratures. In principle. in a field applied trans"erse to the current. the quasiparticle

scattering amplitude ta the right is different froni tha.t to the left. This asymmetric

scattering produces a transverse current which changes sign \Vith the applied mag

netic field. By contrasta phonons are scattered s'ymmetrically~ and as long as the

vortices remain pinnecL /\'ph can be subtracted, ~[oreover~ it is possible to extract the

quasipartide mean free path as a function of temperature! as in the inset of Fig. 7.1.
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Due to the application of a nl<l.gnetic field. howe\'er. the quasiparticle mean free path

deternlÎned from f\.xy will be different from that in Joi, in zero field if vortex scattering

is ilnportant.

[n YBa'2Cu;J0 7 -.5. the rneasurenlent by Krishana et al. (1995) of !\,xy has been

instrumental in identifying the electronic contribution ta the peak below Tc. The

electron peak coincides with the total peak. rising from a snlall nornlal state \'alue to

a peak of comparable size to the total peak (Fig. T.l). Thus roughly half of the peak

is electronic in origin. with the other half coming from phanons. Below the peak,

the saturation in the inelastic scattering rate means tha.t the decreasing nurnber of

electrons dominates and 50 li drops rapidly as T --+ 0: phonons naturally drop out

\Vith decreasing temperature. This leaves mainly elastic impurity scattering below

about 20 K~ in agreement with Hosseini et al. (1998b). By comparing the extracted

scattering rate r of order D.a8Te \vith the mean free paths deterrnined from microwave

conducti\'ity (Bonn et al. 1994). one gets VF = 2x107 cm/s.

~o\y the effect of impurities can be profaund. \Vith Zn doping~ the peak is dramat

ically redllced. as seen in Fig. 7.2~ while the position of the peak shifts nonmonoton

ically. Initially~ the electronic peak dominates and moves ta higher temperature with
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•

disordflr..-\t SaIlle point. ho\\·en'r. the phonon peak (at :20-:25 K) gains inlportance as

dU' electronic conducti\'ity is further suppressed by ilnpurity scattering. Eventually.

the peak should stop nlo\'ing when /-Ld disappears. leaving anly the phonan peak.

Thus fl'anl high temperatllre 1-\. in YBa2CU30j-J. we have leal'ned that inelastic

scattering gin~s rise ta Cl peak. aftel' which it satul'ates and lea.\'es only elastic scat

tering below 20 K or 50..-\lsa. this peak conles fl'aIIl bath phonons and eleetl'ons. 50

we see there are indeed a lot of phonons in these systems. Furthermore. the peak

height is \'cry sensitive to inlpul'ities such as Zn. It remains ta be seen if this impurity

dependence carries o\'er ta la\\' telnperatlll'e.

7.2 Law temperature review

\\~hile Tc for YBa2Cu30,_J îs 93 K. it is necessary ta study thernlal excitations

clown ta Tc/lOOO for Ineaningful interpretations of electronie properties: in faet! for

aH temperatures. phanons nlake a significant contribution to l'\.! as mentianed above.

[n order ta see the clear electranic signature (linear temperature dependenceL it is

necessary ta go low enough in temperature sa that phonons and quasiparticles can

• be distinguished fronl one another. This occurs when the phonons have reaehed their

boundary-limited mean free path where the thermal conduetivity has a well-known
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T 3 depeudence. Gnly in this linüt can a reliable zero temperature extra.pola.tion he

nUlde.

There cxist se\'eral IlleasurenlCnts of the la\\" ternperature thermal conductivity

of YBa·~Cll:\07-e5.Since single crystals have become widely available. v;e will concen

trate on re\'iewing measurements on single crystalline YBa2Cu30ï-J~ and wc refer

interested readers ta earlier reviews (Burns 1992. Cyrot and Pavuna 1992) for re

sults on powders and filnls. \re will see that even with single crystals there can be

inconsistencies between different rneasurenlents.

7.2.1 Universal Heat Conduction

Four years after universal conductivity in d-wave superconductors was tirst predicted

by Lee (199:3). it \Vas observed in heat transport in YBa2CU30j-6 (Taillefer et al.

199ï). By varying the Zn concentration in \·Ba2(ZnxCuL-.rhOï-J from 0.00 to 0.03

in four a-axis single crystals. it is possible to effectively increase the scattering rate

by a factor of ..10. determined from the change in Po. It \Vas found that the finite

linear term Ka fT as T ~ 0 is virtually independent of the scattering rate r ~ as seen

in Fig, 7.3.



• In additioIl. Taillefer and co-workers found that the luagnitude of the residuallin

car term bears qllantitati\'e agreement with theory based on the dX2_ y 2 pairing state.

Ifwe ta.ke the sirnplest d-wave gap ~(o) == ~ocos(2QL with slope S = d~/d6 == 2~o,

where we take the weak-coupling ~o = 2.1-1kB Tc together with the experimental

value of h ..J p equal ta 1.3 e\' l Baso\" et al. 1995) and put these into Equation (2.25L
we get

t\.001T = O. 11 rn \ \' K-"2 Crn - L (7.1 )

•
which is within a factor of two of the measured \t.llue of O.19±O.ü3 n} \V K-2 cnl- 1.

This confirnléltion of uni\'ersal transport provides a. strong validation of d-wave

r ransport theory. Ha\'ing thus established the basic theory. there rernain tests of the

\'ariolls predictions of in-plane anisotropy and rnagnetic field effects.

-')')t ........ Anisotropy

•

•

The crystal structure of YBa"2Cu:lü7-â supports tWQ channels of electronic conduc

tion in the basal plane: the roughly tetragonal CU02 planes. stacked in pairs along

the ('-axis. and the one-dilnensional CuO chains running along the b direction. po

sitioned half-way between the CuO'.! bilayers. Charge conduction along the b-a..xis is

therefore higher than along the a-axis, by a factor which clepends on the degree of

oxygenation. being ulê:1.ximum for cS == O. and on the level of defects in the chains. In

optimally-oxygenated crystals of high purity (J ~ 0.1). the anisotropy in the elec

trical resistivity at 300 K can be as high as Pal Pb = 2.3 (Gagnon et al. 1994). This

factor drops significantly (clown to 1.2 or less) in the presence of inlpurities such as

gold. which tends to go preferentially into the chains..~\ satisfactory treatment of the

ab anisotropy in the electronic conduction of \~Ba2Cu30ï-Jhas not yet been reached.

At the gross le\·el. it would appear that one can account for the anisotropy in both

the plasma. frequency "",,'p in the superconducting state (as measured by far infrared

reflectance) and the OC conducti\'ity a in the normal state simply in terms of an

anisotropy of 2.2±O.2 in nim 1r
• the ratio of carrier density ta effective mass (Basov et

al. 1995). However~ upon doser investigation. there are several indications that this

simple picture fails. First, the scattering rate is dearly not the same for electrons

in the chains as in the planes, Le. it is not isotropie as the simple picture wouid

imply. From Fig, 7.4, the temperature dependence of the resistivity is linear along
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Figure 7.4: The electrical rcsisti\"ity of YBa2CU30j -J for current along a and b obtained by
Gagnon d Ill. (L997). Along ll. p is linear in T. whereru; along b. there is noticeable curvature.

the il-axis but not along the b-axis. re\'caling that inelastic scattering is different

in the chaius (Gagnon et al. 199.1). The elastic scattering from defeets will also in

general be different. either because of preferential inlpurity distributions (e.g. Au in

the chains. Zn in the planes) or because of the large density of oxygen vacancies

found in the chains of most crystals (e.g. 10% in YBa2Cu306.!J)' A second indication

cornes fronl the anisotropy in the thermal conductivity above 5 K (see Fig. ï.5).

which strongly suggests that the contributions of chains and planes are qualitatively

different (Gagnon et al. 199i). ~ote that the other extreme of a nlodel which treats

the chains and the planes as being entirely uncoupled is equally simplistic~ though

a straight subtraction (lib - lia) may give a somewhat qualitative measure of chain

conductivity. One finds that this difference shows no feature at Tc. and develops a

peak below about 55 K. Indeed~ the reasonably good conduction along the c-a.'·(Îs

indicates a fair coupling between the two channels (for recent example see work of

Hosseini et al. (1998b)).

Previous attempts to measure the anisotropy of transport in the superconducting

state of \{Ba2Cu30';'-J have been somewhat inconclusive. The real part of the charge

conductiyity~ 0"1, estimated from microwave measurements of the surface impedance

and of the London penetration depth combined with infrared measurements of the
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plasnw. freqllency. exhibits an anisotropy of 2...t in the normal state which decreases

ta approxinlately 1.6 as T -+ 0 (Zhang et al. 199-1) in a pure crystal a.nd roughly

:-;r.ays the saIne (....... 2.8) in O.1.J~ Zn-doped crystals (Hosseini et al. 1998b). However.

the experirllents are difficult and the llncertainty is at least 30--10%.

Several attenlpts to measure the anisotropy in 1\, do Ilot go low enough in temper

,Hure. \Vithollt entering the regime in which the phonons have reached the limit of

boundary sCêl.ttering. it is impossible ta extract the quasiparticle linear term. Fllrther

more. Httle information can be extracted at finite temperature because the phonon

contribution is sample dependent.

An early measurement of K(T) in single crystals makes no distinction between

Cl and b (Bredl et al. 1992). They appear ta assume Ka and /\'b to be equal at low

temperature and do not specify along \vhich crystalline axis the heat is propagating;

in facL they only distinguish between J Il c and J ..L c. By extrapolating one set of data

(J .l c) from 200 mK down ta T=O~ they obtain a linear term of 0.17 rnvV K-2 cm-l,



• 1.2 Lon' tenlperature re\'ien- 87

•

•

•

which is slightly larger than a previollsly nleasured 0.13 m\V 1(-2 cm-1 (Sparn et al.

1989).

Two years later. another publication appeared. with Ka measured clown to 200 mK

and l'tb ta 100 lUI\: (Gold et al. 1994). \Vhere they overlap. i.e. above 200 mK. K

appears to be isotropie in the basal plane. A similar conclusion \Vas drawn by Behnia

et al. (1995). Odclly enough. another group trying ta nleasure the anisotropy a1so had

difficulty obtaining l'tu bela,," 200 nlI\: though for l'tb there is data down to 100 mK

(\\"and et al. 1996) ..-\gain. the t\Vo sets of data only overlappecl above 200 mK. Thus~

their conLiusion was to regard the question of anisotropy below 200 rnI\: as renlaining

open.

7.2.3 Field Dependence

Existing Illt1aSurelnents of f{.jT with H ..L c bath support and contraclict the theory.

\rand and co-\\'orkers report thut a field of 6 T produces no effect on the electronic

lincar ternl niT for bath J li a and J Il b. while eartier observations by Breell and

co-workers indicate an increase. attributed to pair breaking. for the saIlle conditions

(\Vand et al. 1996. Breell et al. 1992).

~ot only do irnpurities suppress the peak in high temperature thermal conduc

tivity. 50 does an applied field. as in Fig. 7.6. By applying la T. Palstra et al. (1990)

ha.ve shown the peak ta be strongly suppressed. This indicates the importance of

vortex scattpring at high tenlpf'rature.

At high temperature (aboye 5 K). the thernu1.1 conductivity is always seen ta

decrea.se with field. In bath Bi2Sr2 CaCu20g (BSCCO) (Krishana et al. 1997) ~ and

in underdoped YBCa Krishana et al. (1998). the decrease fiattens to a plateau,

indicating that beyonel a field H*. there is something happening (which is much

nlare pronounced in BSCCQ). Based on their ohservation~ shawn in Fig. 7.7. of an

abrupt kink followed by a plateau in the field dependence of the thermal conductivity

of BSCCO. Krishana et al. (1997) have proposed a phase transition to a gapped state

for fields higher than sorne temperatllre elependent H*. Quasiparticles in such astate

would have an expanentially small density of states and so contribute nothing to the

thermal conductivity beyond H*. Of course the phonon conductivity would also

have to he independent of field in the plateau region. vVe now concentrate on the

quasiparticles and investigate how a phase transition ta a new state can occur.

.-\S previously stated~ Krishana et al. have suggested that the arder parameter
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changes abruptly from a simple d-wave to a complex order parameter \Vith an admix

ture of dol' 8: in effect. the addition of a smal!. out of phase (by iT/2) arder parameter

creates a Rnite gap everywhere since the nodes do not coincide. :\ field-induced phase

transition to il dr2_y2 + idry (d + id') symnletry state was first proposed by Laughlin

(1997). )'Iao und Balatsky (1999) ha\'e calculatecl the density of states for this stute.

repeating the treatnlent of \'olovik (1993) for the pure dr 2_y 2. The only difference is

in t.he gap function in the quasiparticle spectrunl. narnely ~(k) = ~o (k) + i~dkL
where ~o(k) is the standard dx 2_ y2 gap and ~t (k) the d.r:y. It turns out that the

Doppler shift due ta the superfluid flo\\' can be sufficient ta boost the quasiparticles

above the finite gap I~ t 1. 50 that the DOS renw.ins gapless: in other words. for bath

d.r:2_y~ and dr 2_ y2 + id.r:y . .\'(0: H) x /fi. Considering this sanle field dependence.

the relati\'c size of the coefficients beconle extremely inlportant in clistinguishing the

two.

So there is a lot of interest in the field dependence of qllasiparticles. Considering

the claiIll of a pha.se transition basecl on high tenlperature data. it may be possible ta

set an upper bonncl on the size of a sub-donlinant order paranleter. if it should exist.

by inclucing lu\\" energy excitations. For either pure d-wë.1.ve or cl + id'. the Volovik

effect is expected at law tenlpcrature. The question is whether the dependence is

/fi. as prcdicted in the dean limit. or sonlething Inore slowly \'arying. as predicted

in the dirty linlit by Kübert and Hirschfeld (199Sb).

7.3 Sample Characteristics

.-\ typical sanlple is less than 2 mnl in length. sa we try ta maximize the distance

between the voltage contacts. which are 50 J..lm in size. in correspondance to the

size of the silver wires. In general, the largest source of erraI' on the absolute value

of li stems frorn the geometric factor Q. There are two ways to find Q~ eithel' by

the physical geometry of the sample (cross-sectional area divided by the distance

between the contacts) or by camparing the sample resistance ta a known l'esistivity

at a given temperature (op = Pre/(300[{)/ Rsample(300K)).

For the geometrically determined Qgeo~ we use scanning electron micrascopy

(SE)'IL with a typical erl'or of arder 10%, However~ the relative uncertainty in corn

paring a-a'ds samples together or b-a..xis samples together! can be made negligible

by using geometric factors obtained from the resistivity measured using the sarne
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Crystal Tc length wiclth thickness Qgeo Cip

[K] [ILnl] [/-lnl] [pm] [x 10-3 cm] [x 10-3 cm]

:\1 93.6 1310 ï-lO 86 .l.9±0.2 .l.9

.-\2 93.5 1360 500 61
1

2.2-l±0.09 1.89

.\3 i 9:3.3 1 1-110 880 1 10:3 6A±0.3 5.-l; 1 1

BI 93.3 960 G10

1

6i .l.3+0.2 3.8

82 93.5 5-10 .l-13 108 8.9±OA I.v

0.6~ 1 89.2 l200 630 93 -L9±O.3 -1.:3

:3% 1 7-L6 i 1300 5-10 69 -1.3±0.1 3.8

• Table 1.1: Sample characterbtic:; of the n\'e crystals llsed in the anisotropy study along with the
[Wo additional Zn-doped one:; Il:;cd in the tield dependence study. ~ote that .-1'2' 8 l and Hl were
~aIlded.

cUlltacts as fur tIlt! [ucaSUrenlent of t\.. This is donc by forcing the rcsisti\"ity cur\"cs of

aH Cl-axis samples (or b-axis sarnples) ta be parallel. uncler the reasonablc assunlptian

that the only difference between sanlples is in the elastic. ternperature-independent

tern1. In other wcrds. we fit the a-axis resistivity cun'es (shawn in Fig. ïA) ta Po+AT

and set a.H the \-alues of .-\ to be the sarne for the a-axis crystals. Then by setting

• the l'OOnl tenlperature value of [Ja/ Pb to 2.3 (Gagnon et al. 199.l). a. number whase

llncertainty is at nl0st 10%. we can deternline georuetric factors for the b-a-xis sam

ples. given Cl fixed value for one reference a-axis sample Al. defined in Ta.ble ï.l 8.

In the data. presentecl. Wp have used the resistive geometric factors.

For determining the anisotropy in the thennal conducti\'ity K(T) of YBa2Cu306.9~

we measured fi ve high-purity llntwinned single crystals: three \Vith the current along

the (l-ê:l••xis (Al. A2 and .-13) and twa along the b-a.xis (BI and B2). For the field

dependence stlldy~ we llsed .-\3 as our pure sanlple and two Zn-doped a-axis samples.

called 0.6% and 3%. The sample characteristics are summarizec1 in Table 7.1.

•
SCertain samples lack straight edges or .ue missing a corner~ 50 an optically determined geometric

factor would be more prone to error than would a resistive geometric factor. Furthermore, sorne
sample surfaces were sanded in arder ta ensure diffuse rather than specular reflection of phonons;
in this case. only the resistive geometric factor is relevant since the sanded surface area creates an
uncertainty in the actual path length of the phonons.
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Figure 7.8: Thermal conductivity divilied by temperatlln~ "'IT \'5 T'lof YBa:.!Cu30ti.!} and
YBa:!Cll:jOtLO • For YBa·lCu:JOti.o (triangles) wc see that the intercept of "'IT is zero. consistent
with the absence of clectronic carriers. Howc\·er. for the llptimally doped sample wherc cS is 0.1
(cirdes). a nnite intercept appears.

7.4 Results on In-plane Anisotropy

•

Before presenting data on the anisotropy of heat conduction. we must convince our

selves that "le are indeed probing the residuai quasiparticles. By comparing a pure

sampIe of YBa2Cu:30j-d of optirual oxygen doping (6 = 0.1) \vith a deoxygenated

sanlple YBa2Cu3060 (n1easured by Lussier (1997)) ~ one sees that the linear term dis

appears in the latter case. i.e. only the T3 phonon term remains~ as seen in Fig. 7.8.

Thus one can systematically ··turn on:' the quasiparticles and study their evolution

with increasing doping concentration.

The data below 170 mI\: for the five crystals are shawn in Fig. 7.9! plotted as

tilT vs T2 in order to separate the quasiparticles from the phonons. The solid lines

are linear tits to the data below 130 mI< (same fitting range for aU samples). The

first point to stress is that the intercept of thase lînes. i.e. the residual linear terrn

in l't:(T). is entirely attributable ta quasiparticles~ since fully deoxygenated samples
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(open circ1es). The dashed line rl'presents Ii/T for a deoxygenated. insulating sample YBa'.!Cu3Ü6.0'
It is clear that our me~tlrements reach the a,symptotic T J dependence of the phonans. with the
oxygenated samples gaining a. linear term due to the addition of electronic carriers .

• ~ho\\" no linear terrn (sec data reproduced as dashed line in Fig. ï.9) (Taillefer et al.

199ï) .

..-\.5 for the increase in l'i.(T)/T with T. it is mostly (perhaps entirely) due to

phonons. This conclusion is supported by the faet that metallie and insulating erys

tab show a \'ery cornparable increase with tempera.ture (see Fig. ï.8). \Ye now cal

culate the phonon contribution to /'i,. starting with the phonon specifie heaL since

the two are related by l'Î.ph = tCphl.'ph.\. where .\ is the phonon mean free path. Since

we are assuming boundary scattering for the phonons..\ is related to the mean ge

ametrie widthü' =.jïi:Xt by .\ = 2u).Ji. \\·e aiso need the nlean sound velocity

l'ph, whieh we now determine from experimentai data.

Sound velocity measureruents. usually a straightfonvard task~ yield wildly varying

• results. Reported values of longitudinal Ut. fall in the range 4190-5165 mis: transverse

Vh 2350-3061 mis (Dominee 1993). StilL we need these values in arder to estimate the
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phonon specifie heat. By averaging over 8 different nleasurenlents from Dominee's

review. we find (l'y.) = -l500 ± -l00 mis and (L't) = 2700 ± 200 rn/s. Then the average

(L'ph) can be found by

( ~ '))t._

•

where .) = Cf. / L't = 1. ï ± 0.:2. This gi 'les (t'ph) = 2900 ± 200 rn/s. Compared to just an

in-plane average of roughly -1000 mis (Lussier 199T). this is small. but since we are

interestecl in calculating the nULxirnUITl phonon specifie heat. we will use the former

value. Thus we calclliate the specifie heat ta he

(7.3)

At ternperatures lo\\" enough that the mean free path of phonons l'eaches its maxi

nltllll. ternperature-indepenclcnt \·alue. gO\'erned by boundary seattering. and hence

gi\'cn by the diInensions of the crystal. the Debye theory gives a T 3 temperature

dependence of the correct magnitude. as seen in Table 7.2. Only in the case of .4.3 do

we find sorne discrepaney. which is not llnderstood. It has the largest eross-seetional

area sa we expect the phonon term to be the largest: instead. it is the snlallest. sug

gesting that the effect'ive phonon mean free path is perhaps limited by sorne defect.

like a sandwich for instance. \Ve chose this particular sanlple for the field study since

the T 3 regime exists over a larger temperature range.

:\ote that it is only by going weil below 200 mI{ that one can reliably extract il

Ineaningful resiclual linear term~ Ka/T. from a linear fit ta K/T vs T 2 • From Fig. 7.8~

if \ve try ta extrapolate Ii/T ta zero temperature for \"Ba2Cu306.ü from about 150

200 mI<. we would have a linear term. even though there are no charge carriers in

the system! In previous studies of the anisotropy in K.. measurements \vere limited ta

ternperatures above 200 mK (Gold et al. 1994. Behnia et al. 1995. \Vand et al. 1996)

and the extrapolations \Vere therefore overestimated.

The values of /'i,olT obtained from the fits to the data in Fig. 7.9 are given in

Table 7.2. and are surnmarized as follows:

•

• J Il a : Ko.a/T = 0.1-1 ± 0.03 mvV· K-2
• cm-l, (7.4)



• S-1

Crystal liolT K phlT3 KphlT3 (cale)

[rn \\'K-2cm- l] [nl \\"I\:--Icm -11 [n1\VK--Icm-1]

.-\1 0.15±0.01 18±1 1-1

.-\2 O.l-1±O.O-1 12±3 10

-\ :~ n.l :1±O.Ol 6±1 17

BI 0.17±0.03 12±2 Il

8:2 0.18±0.01 13±1 12

•
Table 1.2: Fitting parametel's of K.IT ta Cl + bT'2 (for T < l30 mK) \vhere a is the quasiparticle
lillt'ar tel'm l'i.o/T and b is the phonon tenu "~ph/T:J. In calculating the (ma.ximum) phonon term.
Wp h..we usC'd j = .j.a ru.J K--I ClIl-:l and (t'ph) = 2900 mis. determined from Equation (i.3).

J Il b : lia.blT = 0.18 ± 0.03 nl\\" . 1\:-'2 . cm- l
:

.-\nisotropy : /-lü.bl Ka.a = 1.:3 ± 0.3.

(7.5 )

(7.6)

•

•

Along the a-axis. our \ï:l.iue of 0.1-l±O.03 Ill\r 1\:-2 cnl- l is slightly lower than the

prp\'iollsly reported valuC' of 0.19±0.0:3 111\\" 1\ -2 CIn- 1 (Taillefer et al. 1a97). t hough

~till within the experimcntal llIlcertaiuty. \\"e attrihute this difference ta a better fit

at lo\\" temperature due to an increased point clensity at the lowest tenlperatures.

The quoted uncertainty of about 20% on bath t'toiT and Ko.bll':o.a is a combination

of the uncertainty on the geonletric factors (roughly 10%) and the uncertainty on the

T =0 extrapolation. The scat ter in the values obtained for the various crystals within

each set is consistent with the latter uncertainty. An additional 10% uncertainty

cornes froni the scat ter in the values obtained for the two sets of crystals. Of course.

the nl.lue of 1.3 is directly clependent on our estimate of the resistivity ratio at room

ternperature. taken ta he 2.3.

Our results are comparable to the existing data on charge conductivity of Zhang

et al. (1994) (reviewed in Section ~A.2): multipying their values for O"l (T -t 0) by the

Sommerfeld value of the Lorenz nunlber give l':o.alT = (0.11 ± 0.04) m\V K-2 cm- l

and Ko.blT = (0.1 ï ± 0.05) m \Y K-2 cm- l
• The adT -t 0) data of (Hos

seini et al. 1995a) for 0.15% Zn-doped samples correspond to KO,a/T = (0.16 ±
0.05) m\Y 1(-2 cm- l and "'o,bIT = (0.4-1 ± 0.13) m VV K-2 cm -l. It appears that



•
ï.-1 Results on In-plane .-\nisotrop.\p 95

•

•

the \Vieden1ann-Franz law is applicable along a. although we do note that the un

certainty for al.O is almost 509é. In arder to fully test the \Viedenlann-Franz law. it

is necessary to await further al n1easurements..-\s for the anisotropy, in the case of

pure YBa2Cu:30ï-J. the residual charge conductivity anisotropy is 1.5±O.7. but with

0.15% Zn-doping. :2 .8±1.2 l the large uncertainty is Ilot due to the surface resistance

measurement alone. but rather ta the ..\~ used ta get the conductivitv). Considering

that Zn preferentially goes into the planes. and that within the planes. a-a..xis heat

conduction is independcnt of iIIlpurities. it is surprising that such a lo\\' level of Zn

doping should produce snch a change. However. the rrlOre recent data were taken

with in1prO\'ed accuracy. and so one wonders whether the problem has to with the

earlier set of data. This would leave us questioning (1) the validity of the \\ïedemann

Franz law and/or (2) the origin of the "disappearance" of chain thermal transport

cornparecl to charge transport.

7.4.1 Comparison with Theory

\Ve are now in a position ta rnake a quantitative comparison with the theory for a

superconductor with dI~-Y~ synlIuetry..-\s this is rneant to apply only to the CU02

planes. we l'cens at first on a-axis properties. As llsual. the gap function is taken to

be ~ocos( 20) . .-\part fron1 the gap maximum ~o ~ the only other relevant energy scale

is the inlpurity band\\'idth -, (C;ral' et al. 1996. Xu et al. 1995). For temperatures less

than ~" .v (,...,:) is roughly constant. sa inlpllrity scattering dominates.

For the bi-layer structure of YBCO. Tl = 2/c where c = 11.7 Ais the c-a.."{is lattice

constant. COITlbining this with Equations (2.25) and (7.6) yields

UF = 14 ± 3.
L'2

(7.7)

•

Recall that the ten1perature dependence of the penetration depth is also related to

the ratio L'F/l'?,. by Eq. (4.8). However. \,,.hen we set VF/V2 = 14 and ~\(O) = 1600 A.
Basov et al. (1995). 6~\/T cornes out to be larger by a factor of 2 than the rneasured

a-axis value of ·-Li A/K Zhang et al. (1994). This factor of2 discrepancy could he due

to Fermi liquid corrections from quasiparticle interactions (\Ven and Lee 1998, NIillis

et al. 1998~ Xu et al. 1995). After aIL there are quasiparticles, 50 it is fair ta ask if

they are interacting. In this case. Eq. (4.8) would have ta be modified by the Fermi



•
96

liquicl paranleter a:!:

, THE THERJL-\L CONDUCTI\-IT'l~ OF YBA·2CU30 ï - J

_1_ (L\(T) _ 1 .)kB e'2 2( L'F)
3() T - -11n_ ').) nn .,,\ 0 n-c- L'2

(ï.8)

•

•

•

:\ow measurements of n.IT and (j,,\/T agree if n:l = 0.56. a sizeable correction to

thf> chargp c.urrent. This supports a recent ARPES studv in BSCCO which finds a

correction of the s,une rnagnitude ().[esot et al. 1999). :\ote that heut currents are

expected to be unaffected by Ferrni liquid corrections (Lee 1998).

Along b. our rneasurernent of n.u,b/T = (0.18±0.03) nl\V K-2 cnl- l gives

L'F/L''!, = 18±3. Again using Eq. (-1.8). with ,,\(0) = 1050 A Basov et al. (199;3). one

obtaius 6"\b(T)IT = 3.2 ± 0.5 A/K. Experirnentally. iL\b(T)/T = 3.6 A/K (Zhang et

ILL. 199-1) ..-\1 though t he values agree without invoking any Fern1Î liquid corrections.

we note that along b there are chaius. which have not been faIclee! into the theory.

In other wards. this direct conlparison between i'\.IT and 6/\(T)IT with theory nlay

not he meaningflli.

It is better ta cornpare the nleasured anisotropy ratios. "'-bl t\.a = 1.:3±0.3 and

â,,\~/(L\t = l.ï {no errar bars provided). Thaugh they seem to agree within errar.

we allaw that the anisotropy in "'-IT nlay weil be lower than that in 6,,\/T. \\·e also

note that the anisotropy in the plasnul frequency "",'p = cl /\(0) . .,J.:;.bj..I.:~.a = 2.-1. is

supported by a siruilar anisotropy ratio Œl.b/ (jL,a = 2.8±1.2~ although the samples

hase 0.15% Zn. Considering rhat our 1\, data is consistent with zero anisotropy, we

must try to unclerstand how this can be.

Sa let us look a.t conduction in the one-dinlensional chains. It has been shawn that

in a quasi-one-dirnensional reginle. dc conducth-ity is dependent on the scattering

rate r 50 that there is no unh-ersality expected in chain transport (Balatsky et

al. 1994). Hence above sorne critical impurity concentration~ it is possible that the

chains cease to concluct because the scatterîng time is tao short. Furthermore~ it

may be that within the chains. the nodes~ if they exist. do not intersect the Fernli

surface: hence the qllasiparticle excitation spectrum would be gapped. resulting in

the absence of zero-energ:- quasipartides to concluet heat in the chains (O~Donovan

and Carbotte 1997). Finally. there is the possibility of loealization effects in the

chains (Lee 1998. Senthil et al. 1998): it has been shown (Lee 1993) that disorder

can lead ta a mobility gap for low energy quasiparticles in the d-wave state. This

last scenario is very likely because the ehains are definitely more prone to disorder
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than the planes~ so that even a low concentration of irnpurities can lead to activated

conduction along the chains. thereby reducing the anisotropy at low ternperature.

Incidentally. our a-axis data are cornpatible with the calculation of Senthil et al.

(1998): plltting ~ = 1-1 into (2.26). the prediLted value of liù/T is 0.1-1 nl\V K-2

ClIl- 1• which agrees with the rneasured value. This shows that the quasiparticles in

the planes are not localized.

Recently chain disorder has been specifically incorporated in band structure cal

culations within Cl proxinlity nloclel (.-\tkinson 1999). In this treatment. oxygen vaean

des in the chains serve to break thern into finite segrnents of length Ech ' Thus an elec

trùn needs to tunnel into a neighbouring plane in order to contribute ta conductivity.

The characteristic tinle for tllIlneling depends aIl the plane-chain coupling strength.

If that tinle is longer than C'h/ /"F. the electron will not have tunneled out of the

chain by the tinle it has encountered an oxygen vacaney and will be baek-scattered.

However. if the tunnellng tinle is shorter than [chi L'F. the electron may be forward

scattered since there is a probability that it is in the plane layer..-\tkinson argues

that because of band structure effects. the tunneling time is strongly k-dependent.

and so sonle decrrons are strongly coupled to both planes and chains while others

are rHostly chain-like. These latter quasi-one-dimensional ones are susceptible to 10

calization. By including disorcler. he \Vas able ta fit Cl and b axis penetration depth

data which was not possible with prc\-ious proxinlity nlodels. whieh tended ta diverge

at T=O. ~Ioreo\·er. he has also fit specifie heat data. From the good agreement with

existing data which are highly anisotropie. he concludes that localization must not

be important. .-\lthough this rnodel works weIl for ,,\2(0)/ X2(T). it cannot explain the

srnall anisotropy in K.

\ re \Vould also like to exanlÎne t he case where one takes into account the

anisotropy of the gap due ta the presence of an s-wave component. in addition to

an orthorhombic elliptical Fermi surface associated \Vith the planes. i.e. the Fermi

surface is distortecl from tetragonality clue ta the presence of the chains (\Vu~ Branch

and Carbotte 1998). Such a d.cz_yz +s-wave superconductor would have nodes shifted

off the diagonals. which can perhaps account for the measured ab anisotropy without

even eansidering conduction along the chains. In facto br including bath band and

gap anisotropy. anisotropie universal features (in the impurity independent sense)

have been round. unfortunately. existing data on the penetration depth and the

thermal conductivity are not mutuaUy compatible with this theory, since to fit '"
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• requires a large and negati\"e s cornponent which contradicts the ;\ data.

\Vll and Carbotte (1998) have since returned to the pro\'erbial drawing board. and

come up with another explanation for the weak anisotropy in thernlal conductivity

that is conlpatible with a. larger penetration depth anisotropy. Transport nleasure

luents (al, h:) are sensitive to the nodes on the Ferrni surface. whereas /\(T) is not.

Thus if the gap nodes do not cross the chain FernlÎ surface. there would be a suppres

~ion in chain transport which wouici yield a weak llb-anisotropy. Based on this idea.

\\"11 and Carbotte han.' introduced a cut-off angle Oc to the d-wi:lve gap ~ = ~ocos20.

So Oc > 7ï / -l (position of node) corresponds ta the opening of a nlÎnirnurn gap on the

chain Fenni surface.

• 7.5 Results on l\!Iagnetic Field Dependence

Application of an pxtprnal Iuagnetic field parallel to the c-axis is preclicted ta in

crease thp linear tenn in ,,~( T). corresponding to the increased availability of extended

<(llasiparticle states. Thus there are t\Vo main issues to resolve: does an external field

increase the density of states. and if so. can the theory aCcollnt for the ITul.gnitude of

the etTect?

• Since we are looking at sanlples cloped wit h Zn. we neee! ta have an idea of the scat

tering rates. These we ca.n deternlÎne froln the change in resistivity. which anlounts

to a rigid off-set clue to the increase in Po. In other words~ elastic scattering due

ta impurities increases with doping while inelastic scattering is unaffected. ~ow the

inlpurity scattering rate r = 1/(2ïo) is related to Po by Po = m- /(ne2To) in Drude

theory. So as a function of doping .r. the scatterîng rate can be written as

(7.9)

•
where ~Po is the shift in the p vs T intercept seen in Fig. 7.10. equal to 8.3 J.lncm for

the 0.6% Zn-doped sarnple and 37.2 Ilf2crn for the 3%. From microwave conductivity.

the mean free path has been shown to încrease one hundredfold between 100 K

to about 10 K (Bonn et al. 1994L 50 with p(lOO K) ~ 75 J.lrlcm~ we estimate

po(.r = 0) < 1 J.lf2cm. By taking ~p == 1.3 e\r (Basov et al. 1995L we get !if/kBTcO ==
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Figure 7.10: Electrical resistivity of YBa,,?(ZnzCul-.rh07-J for.r = 0.0%. 0.6%. 1.0%.2.0% and
39é mea.sured by Pu (199;). The cur\'es arc aH rigidly shifted by ~Po from the undoped sample.

0.01-1. 0.1:3. and 0..5--1 for .r = O. 0.006 and 0.03. respectively (Taillefer et al. 1997).

These values are Ilot far frolll those predicted by the sinlplest theory for the sup

pression of Tc. froln the value of Tco of 9:3.6 K in the pure sê:llnple. \Vith impurity

concentration (Sun and ~Iaki 199.5). By assunlÎng a uniform reduction of ~ with the

addition of impurities. Sun and :\Iaki obtain !if/ kBTco = 0.06 and 0.25. for x = 0.006

and 0.03. If spatial variations in the order parameter are included. a self-consistent

calculation (within mean field theory) shows that the drop in Tc with f is less steep,

giving values of r roughly 3 tilnes larger (Franz et al. 1997). This latter treatment

gives a. critical inlpurity concentration ne ~ 0.10. which reflects the robustness of

Tc seen experinlentally (Ishida et al. 1993). Our values determined above from a

combinat ion of resistivity. microwave conductivity and infrared reflectivity lie some

where in between the two calculations. which is reasonable for such a simple Drude

approach. ~ote also that the impurity band\vidth in the 3% Zn sample is a sizable

fraction of the gap nla..ximum. sa that corrections to the universallimit are expected.

Calculations by Sun and :\Iaki (1995) give a 30% increase in K.o/T for 20% Tc sup

pression (see Section 2.1.3). in good agreement with the observed slight increase (see

Fig. 7.12 or Fig. 7.11) .

Fig. 7.11 shows the total thermal conductivity divided by temperature K/T of
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Figure 7.11: Thermal conductivity divided by temperature ""IT \'S T2 of \13a2(Cul-.cZn,rb06.9
in an applied field. The bottom panel corresponds ta x=O: middle. x=0.006: top. x=0.03. Triangles
correspond ta zero field: diamonds. 2 T: circles. -l T: squares. 8 T. Substitution of Zn at the planar
Cu site suppresses the increase of tilT as T -40 with field .
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YBa2(Zn.rCUl-xbOj-J as a function of T2 in fields up to 8 T. The bottom panel

shows the data for the pure sarnple: the other t\VO panels show data for Zn-doped

sanlples. O.6t.;{ in the Iuiddle panel and 3% in the top panel. First we observe a

definite increase in Ko/T (K/T as T ~ 0) as the field is increased, which indicates

the population of the extended qULlsiparticle states. Secondly. wc have effectively

varipd the scattering rate r b\' at least a factor of 20. and clearly the field effects are

suppressec1 rapidly with increasing r. as predicted by theory.

1.5.2 Comparison \vith Theory

\\"e can no\\" cOIupare directly with the ealculated nw.gnetic field response of the

resic1ual nonnal fluid. In Fig. 7.12. wc display the ealeulated K(O: H)/T by Kübert

and Hirschfeld (l998b) (Equation (:2.35)) as a. function of field together wit h the data.

Fronl fitting p. wc can then extract r since p = ~ ;:1 and AI ~ 0.61 Jr~o. The first

point to note is that the sub-linear dcpenc1ence on field is weIl reproduced. Perhaps

more inlportant is the faet that the rnagnitude uf the response in aIl three cases is

\'cry nlllch as expected. Indeed. the fits yield the fol1owing \'alues for p. evaluated at

8 T: 0.9:2. 1.63. and -1.3:2 for .r = O. 0.006. and 0.03. respectively. These correspond

ta a ratio ~. / Ef{ = 0.67. L.18 and 3.12. which shows that none of the crystals is

in the clean limit over the field range in\Oestigated. Treating impurity scattering in

the llnitarîty lirnît. the scattering rate becomes: tzr / kBTco = 0.02. 0.07. and 0.5!

respecti\'e1y (taking ~o = 2.1-lk B Tco ). given that Eu ~ 20 K at 8 T (assuming

L'F = 1X 107 cm/s and a=1/2). In Table 'j.3. we eornpare these scattering rates to

the independent estimates quoted above. as weIl as with those extracted from high

temperature fits to the theory of Hirschfeld and Putikka (1996). vVe vie\\" our values

of a and L'F as reasonable. at least ta within a factor of 2.

\Ve would like ta point out that while we do use the T = a extrapolation to

compare with the theory. our ';raw" data works just as well. For instance. if we take

the value of ti./T at a fixed temperature. we can obtain the field-induced increase in

the electronic thermal conductivity by subtracting reo/T. As long as this temperature

is within the T 3 region. this quantity will be purely electronic. vVe show in Fig. 7.13

that at 100 mK. Ko(H)/T îs very close ta the extrapolated value~ while at 200 mK,

phonon "contamination!! is present. Again! this enlphasizes the importance of making

measurements at temperatures Law enough that \'te can separate the phonons from

the quasiparticles. The agreement gives us confidence in our T = a extrapolation
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~Iethod pure 1 0.06% 1 0.3%

(1) 0.01-1 0.13 0.5..t

(2)
1

- 0.06 o,)-._;)

(')\ fi n·) 1 0.07 0.5'Vj

1 O~~vO-ï 1(..t) 0.09 0.-1

•
Table 7.3: \'alues of independent estimates of r /To:o. in units of [fLI ka 1: (1) obtained from a
combination of Po and microwa\"c estimates: (2) calculated from the clecrease in Tc \Vith doping
(Sun and ~laki 1995): (3) fitted from theory of Kübert and Hirschfeld (1998b): (·1) fitted from high
t.emperature theory of Hirschfeld and Putikka (1996).
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Figure 7.12: ~ormalized residual linear term ~o(H)IT as a function of applied field for pure
(squares) 0.6% Zn-doped (triangles) and 3% Zn-doped (circles) samples. Fits to (2.35) for each
crystal )ields the ,"alues of p shawn.
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and we will continue to use the latter approach in analysing our data.

Fronl Ollr nwaSllrcnlcnts of the field dependencc of the thermal conductivity in

YBa2Cu:J 0 7 _,;. we lUl\'c strong e\'idence for the Volovik effect. Le. of the quasi parti

cie stélte Doppler ~hift being responsible for the occupation of the extended states.

~loreo\'er. the size of the ruagnitude of the increase as a function of inlpurity con

centration fo110\\"5 the theory llsing a scattering phase shift of 60 = 7i/2. showing

unambiguollsly that these Zn-doped samples must be treated in the limit of strong

unitarity scattering. This had always been assumed but not confirmed. uutil now.

7.5.3 Discussion

The same theoretical treatnlent applies to the specifie heat as weIl. .-\ numerical

evaluation of Equation (..J:.12) using A = 0.9 m,J «-2 T-L/2 mol- L (~loler et al.

1997. \\"right et al. 1999) gives l'2 = 2.2ax 106 cm/s. From the previous section.

K(O: H)/T gave us aVF = 5.0x 106 cm/s. :\[oreover! the zero field I\.o/T value gave

the ratio UF/C2 ta be 14. The first two expressions together yield UF/V2 = 2.27/a2•

If we set this ratio ta be 1..J:. we find a = 0.-10. Thus VF = 1.2x 107 cm/s and V2 =
0.9x106 cm/s. Furthermore. with a = DA and VF = 1.2 x 107 crn/s, EH (l T) = 6.4 K,

which is what \Vright et aL. (1996) observe in Fig. 4.12. \Ve see that we are indeed
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gctting Cl very consistent picture benveen experirnents and d-wave theory.

Before further discussing other rneasurenlents~ we would like ta take Cl doser

look at the therrllal eonductivity data away fro'm T =0. There is something very

interesting about the field dependence in the pure sanlple. In the lower panel of

Fig. ï.ll. the increase in KIT is slightly less pronounced at high tenlperature than

at la\\" tenlperature. It is \'en' tCIllpting ta say that we are seeing the intrinisic flnite

ternperature effects predicted by theory (Graf et al. 1996). i.e. that the scattering time

(henee !'i.) decreases rapidly with ternperatllre (or energy). However. according to the

theory. for this to be the case. the ternperature nlust be cOlnparable ta the inlpurity

banclwidth. sinee the correction goes as (k~ITrz. Given that Ollr abo\'e estimates of -{

excecd 10 K in the purest séllnple. no temperature dependence should be seen below

1 K. ~[oreon~r. high tenlperature fits of foi. and O"l would ha,\'e r an order of magnitude

smallel'. \\'e rnust therefore ask onrsclves it'we have overestinlated r. i.e. if the theory

i5 correct.

First of aIl. the fitting paranleter is really p a.nd not r. 50 \\"ith a and VF buried in

p as weIl. r can easily be off by a factor of 2. \Ye really do not think that we should

speculate on the l"onsistency of the t heory based on a sanlple-clependcnt phonon slope

\\"hich obscures any electronic contribution: rather. we belie\'e in the zero tenlperature

analysis. Howcver. we suggest a few rem~ons why the field dependence of the pure

sanlple may diffel' fl'orn that of a. salnple with a larger scattering rate.

1. The theory does not take into account e-e inelastic scattering. This effect should

be m ,". ~ pronounced in a high purity sampie due to the longer mean free path~

so it is conceivable that there may be sorne inelastic scattering affecting the

pure crystal.

2. \\lüle vortex scattering of phonons at higher ternperature appears ta be unim

portant clue ta the plateau. there may be an effect at lo\\" temperature.

3. Finally we mention the phase shift. Our results show that there is no doubt

that Zn is a unitary scatterer. However. HosseinL Hardy. Bonn and co-workers

seern ta think Born scattering is more appropriate in pure crystals (Hosseini

et al. 1999b) ~ given that they observe a lower power than T 2 in al (T) at low

temperature. Granted. their new crystals grown in barium zirconate crucibles

• are roughly ten times purer than our crystals grown in yttria-stabilised zirconia~

50 our norninally pure crystal could be some,vhere between Born and resonant
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scattering, although it would have to he close ta the resonant limit since the

60 == 1i12 seenlS tG describe the data extrenlely weIl.

For the nlonlent. we resist nlaking comments about finite temperature corrections

until the effect can actually be seen in a careful study of salnples of high purity. In

uny case. this does not affect our analysis at T ==0.

Let us now compare our results WIth otber li measurenlents. Recail that previous

low tenlperatt.re rneasurelnents in YBa2Cu:30j-J \Vere clone with the field in the basal

plane where the \'olo\'ik effect is expectecl to be ruuch smaller. since the quasiparticles

travel parallel ta the \'ortex tubes. Furtherrnore. the t'Vo studies were in disagreernent.

with a 50% increase in S T reported by Breell et al. (1 Ç)92). but no change detected

in 6 T by \Vancl et al. (1996) ..-\t higher ternperatllres. the fact that 1\. decreases

with field (Krishana et al. 1998) could come from nuious scattering effects. Perhaps

the nlost natural is \·ortex scattering of quasiparticles. as invoked in the case of Nb

(Lowell and Sousa t970). \Vhile this can apply ta bath quasiparticles and phonons.

the faer that the largely elpctronic peak beIow Tl' is alnlost conlpletely suppressed in

la T (Palstra et al. 1990) suggests that the former suffer most of the inlpact.

Franz (1999) has shown that a disordered vortex la.ttice in a d-wave supercon

ductor can result in quasiparticles scattering off the superflow. For high fields. the

density of \'ortices nleans that the quasiparticle mean free path e- l = eûl + tË/ is

c10Ininated by ef[. Le. ea == L'FI ~ 0.25 Ilm in the pure sanlple (0.070 tlm \Vith 0.6%

Zn and 0.012 linl with 3~) and the upper bound of ef[ ~ 2R ~ J<Pol H ~ 0.02 J.Lm

at 8 T. The actual el!. governed by the anlount of disorder in the vortex lattice.

would be smaller than the intervortex distance. Since this mean free path goes as

1/·IIr it cancels the .JJj in ~V(O: H). producing a field-independent universal KIT
at fields large enough that vortices are the dominant scattering process. The theory

can account qualitatively for the observed field dependence of I\.~ at temperatures

above 5 K. At low temperature. however. we find no indication of significant vortex

scattering~ a conclusion based on the good agreement between calculations~ which

negleet vortex seattering, and our data on crystals for which the relative strength of

impurity and \-ortex scattering must differ markedly from one crystal to the next.

:\Ioreover. ST:\I images of the vortex lattiee at 6 T show a reasonably ordered vortex

lattiee (see Fig. -1.9). To reconeile the two temperature regimes, Franz has suggested

that at law energies~ the vortex scattering cross-section becomes sufficiently snlall

that vortices are rendered "transparenf' to quasiparticle motion Franz (1999).
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Figure 7.14: Thermal conductivity divided by temperature tilT in BSCCO. obtained by Aubin et
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It is interesting to conlpare Ollr results on YBCO with the corresponding results

on BSCCO. obtainecl recently by Aubin. Behnia and co-workers (1999) and displayed

in Fig. 7.1-1. At teluperatures below 0.7 K. an increase in t\,jT \Vith field is also found.

again with a sublinear (roughly V/Ï) dependence. \\'hat is striking is the rnagn'itude

of the response in Fig. 7. !.:5. The application of only 2 T increases 1'\.jT by about

0.20 m\r K-2 cm -1. XOW from our own nleasurernents on pure. optimally-doped

single crystals of BSCCO. the (presunlably universal) residual linear term is /\,o/T

= O.15±O.Ü3 rn\V 1':-2 cm-1 (Lanlbert 1998). This means that in BSCCO a field of

:2 T causes the quasiparticle conduction to do·uble. whereas it produces only a 35%

increase in our pure YBCO crystal. 50 a. similar fit as for '{BCO shows 1 / EH to be 2.6

tirnes snlaller in B5CCO. or r to be ï times smaller. In reality~ the field dependence

in BSCCO is rnuch nlore than 3 tiules stronger. since the impurity scattering rate in

the crystal used by A.ubin and co-workers is probably about 100 times larger. Indeed~

its residual resistivity is 130 /-ln CIlI (Behnia 1998). compared with approximately

1 tln cm in our pure YBCO crystals. These considerations compel us to conclude

that the nature of defect (or possibly \"ortex) scattering in these two (othenvise quite

similar) materials is strongly different. Either the kind of defect found in nominally

pure crystals is different. or the impact that a given scattering centre (e.g. impurity
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or \"ortex) has on the surrounding electron fluid is different .

7.6 Conclusion

•

In conclusion. low tenlperature thernlal conductivity measurements along the a êLXis

of YBa2Cu307-â have yielded a. Fermi velocity ratio UF/V2 = 1-1 ± 3. \Vhen com

pared with penetration depth data. which also nleasures this ratio. one finds a size

able Fermi liquid correction to the charge current as would arise from quasiparticle

interactions.

By uleasuring b a...xis crystals as \vell. we have found a weak anisotropy of 1.3±O.3

in the in-plane heat conduction of \'Ba2Cu306.9 as T -+ O. This is consistent with the

low temperature anisotropy observed in the real part of the microwave conductivity

al in a pure sample! though not in a Zn-doped sample, and is much weaker than

the oft-quoted anisotropy of 2.2 for transport in the normal state. vVe believe that

the weak anisotropy reflects the lack of conduction along the Cu-Q chains along the
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b-axis. possibly due to a gapped excitation spectrunl or quasiparticle localization in

the chains.

\Ve lUl\·e also nleasured the lo\\" temperature thermal concluctivity of

YBa:!Cu:\07_â with three different le\'els of ilnpurities as a function of magnetic field

applied along the t'-axis. In a11 cases. the residual linear ternl !'LoiT increases with

field strength. reflecting the population of extcndecl quasiparticle states. In addition.

the growth of t\.o/T fo11oW5 very weIl the predicted d-\\·a,·e behaviour: increased scat

tering rates strongly suppress the ability of the residual nornlal fluid to carry heat

when there is an external field. The gond agreenlent with calculations by Kübert and

Hirschfeld for Cl d-wrI.\"c superconductor allows us to draw the following conclusions:

l) the ··\·olo\·ik efft'ct" is t'ully· n~rifip{l. and it is the dOIllinant rnechanisrn behind

the field dependence of transport in YBCO as T ~ O. for H Il c: 2) vortex scat

tt:'ring. in,·oked to cxplain the beha.\"iollr at interrncdiate temperatures. is weak at

lnw temperature (except perhaps in the pure sample): 3) the widespread assumption

that impllrities (or defects) can be trcatcel as unitary scattcrers in correlated electron

systems is \'erified in YBCO. not only in the special case of Zn-dopecl crystals. but

also more gencrally in nOIllinally pure sarllplcs: -1) the nature of impurity scattering

apppars to <liffer betwcen BSCCO and YBCO.
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8 Conclusion

Fronl a rnatenais pOlnt ot ne\\'. heavy fermion superconciuctors and high-Tc

cuprates are extrenlely different. In the nornlal state. we have ruetais on the one

hand. and pOOl' condllctors on the otlH:"'r. [n the superconclucting state. with criti

cal ternperatures differing by roughly :2 orders of magnitude. it is not obvious that

there shouid be any sinlilarities. This is where the physics cornes in. By virtue of

the existence of zeroes in the superconducting order parameter. alllow temperature

properties arc dorllinatecl by the nodal regions. In particular. impurity scattering

leacls to a finite density of states near the nodes. and there exists a noveL residual

nornlH.l Ruid of quasiparticles even at zero ternperature. This normal fluid deep in the

superconducting state behaves just like that in a normal metai. with quasiparticle

hcat conducti\'ity ri. varying as T. Csing thernlal concluctivity. we can probe these

zero energy quasiparticle states along high syrnmetry directions. Ga.p anisotropy can

be directly revealed with this technique.

Our obsen<Hion of a fiuite \'alne of Joi,/T in CPd'2Al3 further supports the evi

dence for a residual nornu\l fluicl fronl other experiments such as specifie hent. ~:\IR

relaxation rate and clifferential t unneling conductivity. In aùdition. our directional

sensitivity showed a residunl Joi,/T of roughly 10% of the normal state value both

within the basal plane and along c. This elimates those gap candidates with only

polar or equatorial nodes (assunling a spherical Fermi surfaceL though the tropical

gap has two line nodes displaced from the equator and at least two ;~popular~' hy

brid gaps have both a line of nodes in the basal plane and point nodes at the poles.

Ta determine which of these gaps (or perhaps a different gap altogether) describe

CPd2 .-\l3 will require further work in bath theory and experiment. as will the whole

question surrollnding the pairing mechanisffi. whether it is indeed strong coupling to

spin fluctuations or not.

Fortunately for 'lBa2CU3Üj-cf. there exists a vast amount of evidence for the

dx 2_y 2 pairing state. ).,loreover~ the residual normal fiuid is weIl established~ and its

universal heat conduction already observed. vVe have also shown that along the a

axis, a comparison of KIT and the temperature dependence of the penetration depth
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cL\ reveals that the latter may be affected by quasiparticle interactions leading to a

Fern1i liquicl correction in the charge current.

Our study continuecl with the anisotropy of thermal conductivity by the residual

qllasiparticles. in an effort ta understancl the role of the CuO chains running along

the b axis. \Ve found an anisotropy f'i.bl Ka of 1.3±0.:3 at T = O~ down fronl about 2.2

in the nonnal state. COlnpared with the anisotropy in the real part of the charge

conductivity al (1.5-2.8). our ratio agrees is rather on the law side. Thus there are

two issues: (1) why do we see a weaker anisotropy than other experiments and (2)

whère has the high ternperature anisotropy gone'? The answers are not cIear. though

wp suspect that there is either localization of chain quasiparticles due to inlpurities

causing short rela.xation tin1es or due to the opening of gap on the chain Fernli surface

at lu\v tenlperature.

Our nuün investigation has been the magnetiL field dependence of low energy

qllasiparticles. According ta theory. quasiparticle states are Doppler shifted due to

the superftow arollnd the vortices. leading to the population of extendecl states. \Ve

have found that fai.IT does incleed inCl'ease with applied ruagnetïc field. reHecting

the nelcl-enhaneed dCllsity of states. Furtherrnore. the growth in KIT can be sup

pressed by the addition of irnpllrities. in quantitative agreernent with the d-wa\·e

theory assllrning resonant inlpurity scattering to dorninatc vortex scattering. Thus

wc concIllde that the Doppler shift description of quasiparticles in field is correct. the

oft-quoted assurnption of inlpurîty scattering in the unitarity limit has been verified

by ollr measurenlents and that \·ortex scattering at low temperature does not appear

to be important. From our analysis. combinecl with specifie heat data. (bath in a

ruagnetic field). we have reasonable vaInes for the parameters vF = 1.2 X lOï cm/s

and 1.'2 = 0.90 X 106
enI/S. Thus we find that the existing d-wave theory~ largely

untested until no\\". appears to give the proper quantitative description of low energy

qUi:lsiparticle properties in the superconducting state.
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