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Heat transport in the cuprate superconductors XX&8gO, and Lg_,Sr,CuQ, was measured at low tem-
peratures as a function of doping. A residual linear tergdT is observed throughout the superconducting
region and it decreases steadily as the Mott insulator is approached from the overdoped regime. The low-
energy quasiparticle gap extracted froeg/T is seen to scale closely with the pseudogap. The ubiquitous
presence of nodes and the tracking of the pseudogap shows that the overall gap remains of dheapere
form throughout the phase diagram, which excludes the possibility of a complex compbgeappearing at
a putative quantum phase transition and argues against a nonsuperconducting origin to the pseudogap. A
comparison with superfluid density measurements reveals that the quasiparticle effective charge is weakly
dependent on doping and close to unity.
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[. INTRODUCTION overdoped to the underdoped regime, we find that the re-
sidual linear termxy/T is finite everywhere and decreases
In a d-wave superconductor, the presence of nodes in theionotonically. As a result the low-energy gap grows
gap structure imposed by symmetry leads to quasiparticlgteadily, in contrast to the superconductifg which first
excitations down to zero energy in the presence of evefises and then decreases. The low-energy gap in fact follows
small amounts of disordér These excitations are delocal- closely the normal-state pseudogap, measured mostly at
ized and carry both charge and heat. The most striking prophigher energies and temperatu?eBhe ubiquitous presence
erty of this residual normal fluid is its universal conductfon, of nodes and the tracking of the pseudogap shows that the
whereby quasiparticle transport is independent of impuritygap remains of the puréd-wave form throughout the phase
concentration. In the case of heat transport, it turns out to béiagram. This excludes the possibility of a complex compo-
a direct measure of the low-energy quasiparticle specfrumnent (x) appearing at a putative quantum phase transition
The universal character of heat transport was confirmed exand argues against a nonsuperconducting origin to the
perimentally for the cuprates YB&wO, (YBCO) (Ref. 5  pseudogap.
and Bi,Sr,CaCyOg (Bi-2212).% Moreover, the residual heat
conduction me_asured_ at optimal dpp7|.ngr above, in thg Il. SAMPLES
overdoped regim&,is in good quantitative agreement with
d-wave BCS theory and the quasiparticle spectrum either We performed our study on two cuprate materials: the
measured by angle-resolved photoemission spectroscoglouble-plane orthorhombic material YB2u;0, (YBCO)
(ARPES or expected from estimates based on the value ofloped with oxygen in CuO chains, and the single-plane ma-
T. (see, for instance, Ref).7 terial La,_,Sr,CuQ, doped with Sr atom&_.SCO). The four
In this paper, we use the well-established and robust corsamples of YBCO used in the study are detwinned, flux-
nection between low-temperature heat transport and the egrown single crystals in the shape of platelets with typical
ergy spectrum of @a-wave superconductor to probe the evo-dimensions 1.80.5 mm and 25um thick. Two of them,
lution of low-energy quasiparticles and the superconductingespectively withy=6.99 andy=6.54, were grown in a
gap as a function of doping in the cuprates. In going from theBaZrO; (BZO) crucible® which results in crystals with very
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high chemical purity(99.99 — 99.995%and a high degree of enhanced, (consistent with thd ; determined by magneti-
crystalline perfection as compared with crystals grown inzation measurements in similar sampfess thought to be
Y ,05-stabilized ZrQ (YSZ) crucibles. The sample with ~ due to oxygen coordination effects, where improved oxygen
=6.99 was detwinned at 250 °C under uniaxial stress, andrdering leads to a greater number of holes doped into the
then annealed at 350 °C for 50 days, resulting in CuO chain€uO, planes as compared to a nonordered crystal with the
with less than 0.2% oxygen vacancies, and hence very clossame nominal oxygen dopirt§.For the LSCO samples, the
to the stoichiometric composition sit=7.001° This level of  transition temperatures are 5.5, 8.5, 19, 16, 34, and 33.5 K,
oxygen doping is slightly above that for maximgl (93.6  respectively, for Sr doping=0.06(sample A, not annealgd
K), resulting inT,=89 K. The sample withy=6.54 was 0.06(sample B, anneal¢d0.07, 0.09, 0.17, and 0.20. Thg
similarly detwinned and then annealed at 84 °C for 2 daydor the x=0.09 sample is anomalously low, possibly as a
followed by 60°C for 5 days. This resulted in a highly or- result of Sr inhomogeneity or oxygen nonstoichiometry
dered ortho-1l arrangement of oxygen atoms in CuO chainswithin the crystal. Although different criteria may be used for
with alternating full and empty chains. The other two YBCO determining the value of hole doping level in both the LSCO
samples, respectively with=6.95 andy=6.6, were grown and YBCO systems, we note that small errors in our estima-
in a YSZ crucible, and are characterized by an impurity contion of hole concentration do not noticeably affect the trends
centration typically one order of magnitude higher. The oxy-observed in our thermal conductivity data.
gen vacancies in the CuO chains are not ordered for these The low-temperature thermal conductivity measurements
crystals. They=6.6 sample was quenched into an ice waterwere made in a dilution refrigerator down to 40 mK, using
bath after annealing, resulting in a higher level of disordeithe standard four-wire steady-state method with two RuO
among the oxygen vacancies and thus a lolgras com-  chip thermometers, calibrated situ against a reference Ge
pared to nonquenched samples with similar oxygen contenthermometer. Currents were applied alongdtexis in order
The La,_,Sr,CuQ, (LSCO) samples were all grown in an to probe in-plane transport and to avoid contributions from
image furnace using the traveling-solvent floating-zone techthe CuO chains in YBCO. Thermal and electrical contact to
nique and have Sr dopings @f=0.06 (samples A and B the samples was made using Ag wire and diffused Epotek
0.07, 0.09, 0.17, and 0.20. In addition, a nonsuperconductingl20E Ag-epoxy pads.
LSCO sample withx=0.05 was also measured. With the

exception of x=0.06 B, all samples were measured as Ill. LEVELS OF DISORDER
grown. This may result in off-stoichiometric oxygen content ’
in the samples. The=0.06 B sample was annealed in flow- It is instructive to estimate the relative amounts of disor-

ing argon overnight at 800 °C in an attempt to fix the oxygender in our samples. For the YBCO samples, the inclusion of
content. The argon annealing, however, had little effect onmpurities during growth is greatly reduced by using BZO
our results as botk=0.06 samples gave the same electronicover YSZ crucibles. Microwave spectroscopy measurements
contribution to the thermal conductivity. of thermally excited quasiparticles in the elastic scattering
In LSCO, the hole concentration per Cu in the GuO limit reveal that the scattering rate in the superconducting
planesp is taken to be the Sr concentration In YBCO, state is some 12 times greater for optimally doped YBCO
however, the relation between hole concentration and oxygegrown in YSZ crucible® compared to the slightly over-
dopingy is a complicated function. As a result, for YBQ©O dopedy=6.99 samples grown in BZO crucibl&SMeasure-
is determined from transition temperatures using the empiriments of thermal conductivity at high temperature, shown
cal formuld?! in Fig. 1, lead to a similar order-of-magnitude difference. In
the theory of Hirschfeld and Putikkd the peak observed in
the thermal conductivity is due to an increase in the quasi-

Te =1-82.6p—0.16?, (1)  particle mean free path when the sample is cooled b&lpw
Toax The magnitude ofk continues to increase with cooling until

it becomes limited by quasiparticle scattering from impuri-
which is a good approximation for many cuprate systéfns. ties and dislocations. Thus the ratio of peak height to normal-
Here we useT{'®*=93.6 K as the transition temperature of state value inx(T) directly reflects the amount of disorder
optimally doped YBCO. present in the crystal.

The transition temperature was determined from resistiv- The inset in Fig. 1 shows theoretical curves that demon-
ity measurements and defined as the temperature at whigrate this effect/ where the electronic contribution to ther-
the resistivity has fallen to 1% of the value prior to the onsetmal conductivity normalized by the value afat T is plot-
of the superconducting transition. Note that this definition ofted as a function of /T... A large ratio of impurity scattering
T, leads to values slightly lower than those determined byrate (given byT’) to T in these curves is seen to lead to a
taking the midpoint of the resistive transition. We find, how- peak height that is suppressed. HEreepresents the rate at
ever, that values off; determined this way correlate well which quasiparticles are scattered elastically within the
with those measured by magnetic susceptibility and thermadample. An order of magnitude increase in the intrinsic level
conductivity. For the YBCO samples, the transition temperaof disorder within the crystal results roughly in a factor of 2
tures are 62, 44, 93.5, and 89 K, respectively, for oxygerdecrease in the peak height. The data presented for our crys-
dopingy=6.54, 6.6, 6.95, and 6.99. We note that thefor  tals in Fig. 1 reflects that effect. The deliberate addition of
the ortho-Il ordered/=6.54 appears anomalously high. This impurities such as Zn in YSZ-grown optimally doped YBCO
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FIG. 1. Thermal conductivity of YB#uO, and FIG. 2. Thermal conductivity of YB&ZCu;O, plotted as«/T vs

La,_,Sr,Cu0, vs temperature normalized &t . Inset: theoretical  T>. Open symbols represent samples grown in YSZ crucibles and
calculation of the effect of impurity scattering on the electronic filled symbols those grown in BZO crucibles.
thermal conductivity of cupratedrom Ref. 17.

particular extrapolation procedure. This is true, for example,
samples leads to a large suppression in peak height. Data féor the overall trend with doping, which is immediately evi-
a sample with 1.7% Zn impuritiegletermined fronil; sup-  dent from Figs. 2 and 3, /T decreases steadily with under-
pression are shown in Fig. 1, and it is seen that the additiondoping, all the way from the slightly overdoped to the highly
of this level of impurities causes the peak to nearly vanishunderdoped regime. Using the extrapolation procedure out-
The corresponding residual resistivity extrapolated from thdined in the Appendix, the values we obtain are given in
linear temperature dependence @f(T) goes from being Table I. Note that a measurement on a fully deoxygenated
negative in the nominally pure crystal t;g=30 xQ cmin  YBCO sample withy 6 0 correctly yields a zero intercept:
the Zn-doped crystal. It is clear that the optimally dopedx,/T=0%=1 uW K~2 cm 1. The values for LSCO agree
LSCO sample X=0.17) shown in Fig. 1, withp,  with those publlshed in a previous stuffywith the excep-
=33 ) cm (as extrapolated from resistivity data above tion of theirx=0.17 sample which has been measured to be
T.), exhibits much stronger scattering than any of the YBCOapproximately twice the value we observe. We attribute this
samples. This is true despite the high chemical purity of thelifference to the fact that the crystal studied by Takeyal.
crystal, and is likely a result of the Sr atoms included ashad aT of 40.2 K compared to ouf, of 34.2 K, pointing to
dopants acting also as scatterers. Considering all the eva slightly higher hole concentratioiikely due to different
dence from microwave, resistivity, and heat transport meaoxygen levels within the crystals
surements we estimate the relative amount of disorder in the Let us analyze these results within the framework of stan-
various crystals studied here to be roughly in the proportiordlardd-wave BCS theory. For a cleakwave superconductor
of 100:10:1 for LSCO, YSZ-grown YBCO, and BZO-grown Wwith a random distribution of impurities, an energy scale

YBCO, respectively. develops below which the density of states is approximitely
constant and nonzef8.The magnitude ofy, known as the
IV. DOPING DEPENDENCE OF /T impurity bandwidth, is related to both the concentration of

impurities, and their scattering strength. In the clean limit,
The low-temperature thermal conductivity of YBCO and whenkgT<y<KkgT,, the quasiparticle thermal conductivity

LSCO samples is shown as a function of temperature in Figsan be written
2 and 3, respectively. The data are plotted @3 vs T?
because the quantity of interest is the residual linear term ko Kin[ve v
K, /T, defined as th& =0 limit of «/T, obtained by extrapo- T 3% a(_ )
lation of the low-temperature data. This residual linear term
can only be due to fermionic carriers and is attributed towheren is the number of Cu@planes per unit cell and is
zero-energy quasipatrticles. Indeed, as will be seen below, the c-axis lattice constant. Herg, the width(in energy of
is a direct confirmation, via a robust bulk measurement, othe region of constant density of states created by the pres-
the d-wave nature of the superconducting order parameter ience of impurities, should not be confused whththe scat-
cuprates. The extrapolation procedure is described in detaliéring rate due to the presence of such impuritigsandv,
in the Appendix, where the contribution of phonons is ana-are the quasiparticle velocities normal and tangential to the
lyzed. The main results of the paper do not depend on th&ermi surface at the node, respectively, and are the only two
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TABLE I. Compilation of T, doping and residual linear term in
L a) LSCO o 4 the thermal conductivity, as well as values of the quasiparticle an-
. e ° isotropy ratiovg /v, from Eq. (2) and gap maximuna, (see cap-
..0‘° x=0.20 tion of Fig. 6 for the samples in this study. Data for optimally
04 .,.'° ] doped Bi-2212(Ref. 7) and overdoped TI-220(Ref. 8 from pre-
) ...,-' vious studies are provided for completeness.
L)
Sample Te p Kol T velv, A
Lass 0 [K] W [meV]
A
Aatt T x=017 KZcm
A A
02 Lat |
" YBCOg, 0.0 0+1
o YBCOq 54 62 0.10 85 10 7.9 71
N |« ] YBCOg ¢ 44 0.08 9113 8.7 66
£ . YBCOg g5 93.5 0.16 126:12 115 50
c\,no asesnsss ¢ ¢ * * ° 000 YBCOg g9 89 0.18 16@-12 155 37
¥ g0 | | | LSCO 0.05 0.05 31
% LSCO 0.06 55 0.06 112
— b) LSCO A
E 0.10 x=0.06 A LSCO 0.06 85 0.06 122
B
LSCO 0.07 19 0.07 222 1.9
LSCO 0.09 16 0.09 2610 24
LSCO 0.17 34 0.17 967 10.4
LSCO 0.20 335 0.20 33040 36
Bi-2212 89 0.16 156 30 19 30
0.05 TI-2201 15 0.26 140870 270 2
between noded Note, however, that the latter two correc-
tions affect the microwavéharge conductivity(see below.
In Fig. 4, the anisotropy rati@g/v, is plotted against
| | | carrier concentratiop, using Eq.(2) and the values ok /T
0.00 listed in Table I. Also included is the published value for
0.00 0.01 0.02 0.03 0.04 P
T (K9 40+
FIG. 3. Thermal conductivity of La ,Sr,CuQ, plotted asx/T oYBCO: YSZ grown
vs T2, for (a) x=0.09, 0.17, and 0.20, arith) x=0.05, 0.06, and ¢ YBCO: BZO grown
0.07. The lines through the data are power-law fits, discussed in the «LSCO !
Appendix. "~ aABj-2212 I’
parameters that enter the low-energy spectrum, give by
=h \/UZF!(ZlJrvzzkz2 wherek; andk, are vectors normal and & 2q-
tangential to the Fermi surface at the node, respectively. The
parametew, is simply the slope of the gap at the node:
1dA 1 dA 0 @ 10
h dk node ﬁkF d¢ node
where kg is the Fermi wave vector at the nodal position. 0
These are remarkably simple formulas, which provide a di- 0.0

rect access to the parameters that govern low-energy phe
nomena in al-wave superconductor. The residual heat con-
duction in Eq.(2) is not only universal, i.e., independent of
scattering rate(or impurity bandwidth, but it was also

FIG. 4. Anisotropy ratiovg /v,, calculated from thermal con-

ductivity data via Eq(2), vs hole doping per CuQplanep. The

shown to be independent of Fermi-liquid corrections and verdata for Bi-2212 are from Ref. 7. Lines are guides to the (spdd
tex correctiongi.e., corrections due to anisotropic scatteringfor YBCO, dashed for LSCD
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Bi-2212 at optimal doping.All three cuprates have a com- 0.04 |
parable anisotropy ratio at optimal doping: /v,=10, 12, .
and 19, for LSCO, YBCO, and Bi-2212, respectively. It has LSCO low doping
already been notéahat the value of 19 for Bi-2212 is in — 2/3(kg®h/2m)(n/d)

excellent agreement with the ratio of 20 coming from values __ 0.031 ]
of vp=2.5x10" cm/s andv,=1.25x 10° cm/s obtained di-
rectly from ARPES?® (Note that the value of 12 for the °
optimally doped YBCO crystal differs slightly—albeit within ¥ 0,021 %
error bars—from our previously published result of 14, &
which was an average of several sampes. g

xo/T
I
<<
|

0.01
V. DISCUSSION

A. Nature of the superconducting order parameter 54

Several authors have proposed the existence of a quantur  0.00
" ) o i i 0.04 0.06 0.08 0.10
critical point within the superconducting dome in the phase
diagram of cuprates, either as a theoretical prediction to ex- p

plain the diagram itlself or as suggested in variogs exper- FIG. 5. Measured value of, /T for highly underdoped LSCO.
ments. Its_ Iocatlon. IS l?sua”y ta_ken to be néar 5“9*“')/ The solid line represents the minimum possible value allowed by
above optimal doping, in the neighborhood pf=0.2. If it gq (2), namely whervp /v,=1.

is associated with a change in the symmetry of the supercon-
ducting order parameter, Vojtat al. have argued that the
most likely scenario is a transition from a pule 2 state

to a complex order parameter of the fody_,2-+ix, where One of the most remarkable results of transport theory in
x can have eithes or dy, symmetry?! Sharoniet al. have  d-wave superconductors is the universal nature of heat con-
recently reported a split zero-bias anomaly in their tunnelingluction, which appears due to a cancellation between the
on Y-123 thin films as soon as the material is doped beyondncrease in normal-fluid density and the decrease in mean
optimal doping, a feature which they attribute to the appearfree path observed as the concentration of impurities is
ance of a Comp|ex Component to the order parameter in th@creased.-rhis universal behavior is Only found in the clean
bulk?2 The presence of a subdominant comporienin the  limit whereiI'<A,. In situations wherd' is large(or A is
order parameter causes the nodes to be removed, as the gj;@.malb, the behavior is no longer universal, and the measured
can no longer go to zero in any direction. Our observation ofiN€ar term may be closer to the normal-state vakyg'T

a residual linear term in the thermal conductivity of boththan the universal limit. \In the extreme case wheérg
YBCO and LSCO, as well as previous results on optimally ™20 superconductivity is destroyed and the normal-state
doped Bi-2212(Ref. 7) and strongly overdoped TI-226is value of xy /T is recovered. Therefore the validity of using

a direct consequence of nodes in the gap. It therefore e>gq' (2) to extract values obg /v, from measurements of the

cludes the possibility of any such subdominant order paramr_eS|duaI linear term is ensured only when samples are in the

. . : clean (universa) limit, 2ZI'<<A,. Universal behavior in
eter in the bulk throughout the doping phase diagram. "\(BCO at optimal doping is already well establistednd
other words, if there truly is a quantum critical point inside ;

. . inspection of Fig. 4 shows that this is confirmed at other
the superconducting dome, it does not appear to be <erQ’SO(EJE)pings. Indeed, we observe that both BZO and YSZ grown

ated with the onset of a complex component in the ordeg,yqiais yield values ofg /v, that lie on the same curve
parameter. o _ _ despite having an order of magnitude difference in purity
_ Inview of the ubiquitous nature of the residual linear termjeye|, which is strong evidence that the clean limit is reached
in superconducting cuprates, observed in four different holeg, our YBCO samples.

doped materials from strongly overdoped TI-2201 to strongly |n LSCO, the extremely small values of,/T meas-
underdoped LSCO, two previous results stand out as puirred in highly underdoped samples point to a different con-
zling anomalies: the absence of a detectable linear term ilusion. Indeed, forx=0.06, ko/T=12 uW K2 cm™1,
electron-doped Br ,CeCu0, (PCCO,* and in hole-doped  while the minimum value for LSCO allowed by E) is
YBa,Cu,Og.%* In particular, note that the upper bound of (k3/3%)(n/d)(1+1)=18.3uW K 2 cm . The data for
0.02 mW K 2 cm™?! quoted forko/T in YBa,Cu,Og is four  the LSCO samples with the lowest dopings are plotted in
to five times lower than the value obtained here forFig. 5, which shows that the use of H@) for these samples
YBa,Cu;O, at a comparable hole concentration<6.54 or  is invalid. This breakdown suggests that our underdoped
6.6—as assessed by the very similar resistivity curves aboveSCO samples are not in the clean limit, and hence we can-
T.—and comparable sample quality. This extremely lownot extract quantitative information by using EE), as we
value is akin to that found in nonsuperconducting stronglywill do for YBCO in the following sections. The same con-
underdoped LSCOx=0.05). clusion would apply to previous LSCO ddta.

B. Effects of disorder
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In order to understand the LSCO data withirdavave
BCS theory of low-temperature heat transport, it will be nec-
essary to incorporate the effects of impurity scattering in the
underdoped regime outside of the cléaniversal limit. The
effect of impurity scattering on d-wave superconductor has
been worked out in the standard case of a normal state that i
metallic and conducts hedtetterthan the superconducting ___ N
state?® When the concentration of impurities is increased in = N o
such a caseT, is gradually suppressed to zero and the re- g o
sidual linear termrises monotonically to meet its normal g AN
state value. However, our LSCO samples with0.09 ex- < 50 [~
hibit the well-known insulating upturns in the normal-state Vo
resistivity associated with the ground-state metal-insulator
transition observed near-0.162° In fact the resistivity in a o
strong magnetic field appears to divergelras 0.2” Thus, for -- dges N \V
the LSCO samples where<0.16, the effect of increasing -7 TSON
the impurity concentration would be to evolve the system -7 | e
towards arinsulatingstate, or at least one that conducts heat 0.0 0.1 0.2 0.3
less well In this scenario, we expect the measured residual
linear term ky/T to be smaller than the universal value, p
which would explain how in Fig. 5 we measure a linear term
smaller than that allowed by E¢R). FIG. 6. Doping dependence of the superconducting figob-

Another possibility is suggested by the theoretical work oftained from the quasiparticle velocity, defined in Eq.(3) (filled
Atkinson and Hirschfeld® in which the Bogoliubov—de symbol3. Here we assumé =A,cos2p, so thatAy=fikev,/2,
Gennes equations are used to model the paired state as a@md we plot data for YBCO alongside Bi-22{Ref. 7 and TI-2201
inhomogenous superfluid. This approach allows for the posRef. 8. For comparison, a BCS gap of the fodpcg=2.14KgT is
sibility of quantum interference processes such as localizadlso plotted, withT. taken from Eq.(1) (and T¢'®*=90 K). The
tion which are neglected in the usual framework. In theirvalue of the energy gap in Bi-2212, as determined by ARPES, is
model, the residual linear termy/T is seen to decrease in Shown as measured in the superconducting Btated the normal
the presence of increasing impurity concentration, a directta€° > (open symbols The thick dashed line is a guide to the
result of weak localization of carriers. The fact that we mea-fY¢:
sure a linear term in underdoped LSCO which is smaller than
that allowed by Eq(2) may be evidence for the existence of here we have confined our analysis to YBCO only, given that
such localization in LSCO. We hope these observations wilLSCO was seen to lie outside the clean limit. Plotted along-
stimulate further theoretical work. side these data is a conventional B@Svave gap(dashed
curve, where we have assumed =2.1&kgT. (weak-
coupling approximation The p dependence of the gap is
estimated using Ed1), with a maximumT, at optimal dop-

The remarkable success of Eg) at optimal doping vali- ing of 90 K.
dates the extension of our study across the doping phase Let us examine the implications of these results by start-
diagram, at least for our YBCO samples, where the cleating on the overdoped side of the phase diagram. The only
(universal limit is established. In interpreting our measure- available data in the strongly overdoped regime is on
ments of the anisotropy ratio: /v, in such a study, the first TI-22018 a single-plane cuprate with optim#}=90 K. For
thing to emphasize is the fact that, the Fermi velocity at an overdoped crystal witfi,=15 K, the measured residual
the node, is essentially independent of doping. This wasinear term is xo/T=1.4 mW K 2 cm !, which yields
shown by ARPES both in Bi-221@Ref. 20 and in LSCO®  y-/v,=270 via Eq.(2). In comparison, the weak-coupling
where the slope of thE vs k dispersion at the Fermi energy BCS prediction based on the value ©f=15 K is vg/v,
is seen to vary by no more than 10% over the range 0.03=210, using the values of- andkg given above. The good
<x<0.3, with an average value afr=2.5x10" cm/s in  quantitative agreement shows that in this strongly overdoped
both materials. The position of the node krspace is also regime BCS theory works quite well, and the much larger
independent of doping, with ke=0.7 A"1 as measured anisotropy ratio is a consequence of the much smaller
from (7r,7) to the Fermi surface. As a result, a study of We now turn our attention to the underdoped region of the
Ko/ T vs p yields the doping dependence ©f=uv,(p). In phase diagram. In the case of YBCO the decreasg i by
Fig. 6, we plot the slope of the gap at the node as a functiom factor 2 betweey=6.99 andy=6.54 provides one of the
of carrier concentration, not as vs p but in a more familiar  main results of this paper: the velocity ratio decreases with
guise as the corresponding gap maximuyg, of a putative  underdoping; it drops from 16 to 8 in going from a sample
d-wave gap functiorA=A,cos 2$, via Egs.(2) and (3).  with T,=89 K to an underdoped sample with.=62 K.
Given thatkg is constant, this is equivalent to plotting ~ This reflects an underlying steepening of the gap at the node
directly. The values o\, are also listed in Table I. Again, while T; drops, with underdopingNote that this is in con-

Gap maximum ARPES gap
from x measurements
measurements in Bi-2212

100 - ® YBCO 0O SC state
| TI-2201 V¥V Normal State
V¥ Bi-2212

C. Doping dependence of the superconducting gap
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tradiction with the results of Mesatt al. who extracted a overdoped regime is in excellent quantitative agreement with
slope of the gap from their ARPES measurements on Bithat expected from BCS theory. Seconkly continues to
2212 near optimal doping that seemed to decrease slightigrow with underdoping whild rises and then falls, in con-
with underdoping® This trend seems also to be at odds withtradiction to what one would expect from BCS theory. The
low-temperature penetration depth measurements of Pangéivergence of these two energy scales in the underdoped re-
gopouloset al. who extract a\, that is stronglye dependent ~ gime is a manifestation of the pseudogap, whose presence is
and whose value scales wiffy, in the underdoped regime NOW revealed at very low gnergies in_a bulk measurement on
when measured at the notfe. crystals of the utmost quality and purity. The fact that the gap
Taken by itself, this could be attributed either to a graduaPT€S€rves its pure-wave form (with nodes on the Fermi
departure from weak-coupling towards strong-coupling Bcssurface) throughogt str_ongly suggests that the pseudogap is
superconductivity, with a growing rativ, /T, . It could also superconducting in origin.
be interpreted as a gradual deformation of the gap shape,
from a simple cos & angular dependence to a much steeper
function with a decreasing average gap that scales With One way to shed further light on the nature of the low-
However, in view of the known behavior of the pseudogapenergy electron state in underdoped YBCO is to compare
these explanations are unlikely to be the main story. Indeedeat transport and charge dynamics. Faiaave BCS su-
the growth of the low-energy gap observed througiT is  Perconductor, Durst and Lee have shown that the two con-
highly reminiscent of the similar trend observed in theductivities are affected differently by scattering anisotropy
pseudogap with underdoping. In fact the growthAqgf de- and quasiparticle mfce@c_:tmf_ﬁsThe charge conductivity in
rived fromv, is in quantitative agreement with the normal- e @—0 andT—0 limit is given by
state gap maximum determined by ARPE$he
pseudogap®®~3? and the gap maximum measured at 15 K
(the superconducting gif3 as shown in Fig. 6. In making a
guantitative comparison between our data and the value of

A, measured in the superconducting state by ARPES, ngheree is the electron charge. The factfic is due to

note that the peak position atr(0) is roughly equal to the vertex corrections and is greater than 1.0 when impurity scat-

ap value extracted by fitting the photoemission s ectrtering is anisotropic. This simply reflects the fact that intra-
gap . Y 9 P PeCd ode scattering will degrade a charge current less than inter-
along the Fermi surfac®.

: o AR . . node(opposite- or side-nodecattering that involves a larger

This striking similarity in scaling points to a common ; . : :

.- . . . change in momentum. This is the discrete version of the (1
origin, which allows us to say the following things on the —cosf) term that enters normal-state conductivity and re-
nature of the pseudogap. First, due to the very existence Offrflects the predominance of backscattering over s>r/nall-an le
residual linear term, thé&otal) gap seen in thermal conduc- he p . : 9 9
Y . . scattering. Numerical calculations suggest tBat can be
tivity at T— 0 is one that must have nodes. Second, it has Lrge(e.q.. in excess of 20n high-purity samples as long as
linear dispersion as in d&wave gap(i.e., it has a Dirac-like gele.qg., gn-purtty P 9

specun. T, 15 a uasipariclegap and ot ot spn ™21 SCALETNG e 1 e ey Aol bt vertex
gap. A fundamental question is whether the pseudogap (IE 919 port.

related to or independent of superconductivity. The first an actor agy_Is a Ferm_""q“'d(F_L) c_orre_ctlon W.h'Ch arises
most natural possibility is that it is due to some form of ecause of quasiparticle-quasiparticle interactions. The same

precursor pairing. A second possibility is that it may Comefactor also enters in the low-temperature slope of the normal-

from a distinct nonsuperconducting state. Indeed, a univers&iid density pn(T) = ps(T=0) — ps(T):*

thermal conductivity is also possible in a nonsuperconduct-

ing state as long as the energy spectrum is Dirac (ilee, pn(T) - % i EaZ lﬁk T (5)
linear dispersion For example, a universétharge conduc- m 7 52d Tty B

tivity was derived for a degenerate semiconductor in
two-dimensions® Interestingly, thed-density-wave(DDW)
state proposed as an explanation for the pseudogap pheno : .
ena seen in underdoped cuprafesso exhibits a universal Penetration depﬁag The value Ofa%_L(UF/UZ) obtained
conductivity provided that the chemical potentjak=0. In  [rom these data is shown in Fig. 7. Using the value pfv,
the region where both orders coexist—DDW ahd/ave su-  [T0M ko/T (averaging the YSZ-grown and BZO-grown data

perconductivity(DSC—EQ. (2) is then predicted to hold yields

D. Superfluid density and microwave conductivity

[ (T) ¢l N Bucad, o 4
Im .00 =0n0——>3 — < (64 -,
T—-0Y1 0 fL ﬂ_zd VvC FLU2

The temperature dependence of ghaxis superfluid density
9f YBCO crystals very similar to ours was measured via the

w;tg v, replaced by\/.(z.)ADD”)ZJr(vASC)Z, wherevRPW and %, ~0.4-05, atp=0.16, ®)
v~ are the gap velocities for the two types of order, respec-
tively. The main question then is how does the chemical a2, =0.6-0.7, atp=0.09. (7)
potential evolve as a function of doping?

In summary, our measurements ef T throughout the A similar value was previously derived for optimally

phase diagram allow us to make the following statementsioped Bi-2212.We conclude that this FL parameter is near
about the evolution oA with doping. First, the extrapolated unity and, more importantly, is only weakly dependent on
value of the gap maximum from thermal conductivity in the doping. In a recent paper, loffe and Mifllsargue that a
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' velocity anisotropy ratiwg/v,. This result offers some in-
sight into the doping dependence of several important quasi-
YBCO particle parameters. First, the slope of thevave supercon-
20 ducting gap at the nodesp, is seen to increase steadily as
A _ doping is decreased, consistent with a growth of the gap in
Ps } the underdoped regime. This is in contradiction to what one
- naively expects from BCS theory, where the gap scales with
T.. The gap we extract at very low energies follows closely
the pseudogap measured mostly at much higher energies by
— + . 10 other techniques. This close tracking of the pseudogap shows
? that the gap remains roughly of the pudewave form
. AT throughout the phase diagram. Second, a comparison with
- N superfluid density reveals that the quasiparticle effective
charge is weakly dependent on doping and close to unity.
The considerable difference between the magnitude of the
0 : : 0 change inko/T with underdoping for the LSCO and YBCO
' ' samples provides clues as to the role of disorder in the un-
p derdoped regime. In particular, the small value of the re-
sidual linear term of the most highly underdoped LSCO
samples is incompatible with the standard theory of transport
for d-wave superconductors, motivating theoretical work
which would incorporate the effects of impurities in a super-
conductor whose normal state is insulating rather than me-

tallic in nature.
doping independen&EL, interpreted as effective charge, is

inconsistent with both the Brinkman-Rice mean-field theory ACKNOWLEDGMENTS

and slave boson gauge theory approaches to the Mott physics
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is not quite possible at this stage. The shape and temperature APPENDIX: PHONON THERMAL CONDUCTIVITY

dependence of the microwave spectrum for the6.50 IN D-WAVE SUPERCONDUCTORS

sample for example is suggestive of nonunitary scattering

close to the Born limit, implying that the low-temperature

universal limit regime may not be reached by 1.3 K. Furthe

work is needed to ascertain whether this is indeed the corre

scenario.
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FIG. 7. Quasiparticle velocity ratio in YBCO obtained from
universal heat transport, ag /v, (circleg via Eq. (2), and from
superfluid density data of Refs. 16 and 42, &5 (vg/v,) (tri-
angles$ via Eq. (5). Lines are guides to the eye.

In order to use thermal conductivity as a direct probe of
lJow-energy quasiparticles iml-wave superconductors, the

gpntribution from phonons must be reliably extracted. This
may be achieved by performing experiments in the regime
T—0, where the phonon mean free path becomes limited
only by the physical dimensions of the sample. From simple
VI. CONCLUSIONS kinetic theory, the conductivity of phonons in this boundary-

, ) limited scattering regime is given by
We have studied the evolution of thermal transporfTas

—0 in the cuprate superconductors YBCO and LSCO over a 1

wide range of the doping phase diagram. The residual linear Kph:§/3’<v o AT, (A1)

term ko /T is observed to be finite throughout the supercon-

ducting region. This proves that the gap always has nodes omhere g is the coefficient of phonon specific heaty is the

the Fermi surface, a fact that has two implicatiofsit rules  temperature-independent mean free path,(ang) is a suit-

out the possibility of a multicomponent order parameter ofable average of the acoustic sound velocities. The electronic
the typed+ix in the bulk, appearing at a putative quantumlinear term is then naturally extracted by plotting thermal
phase transition, ani) it argues strongly in favor of a su- conductivity data as/T vs T2 and interpreting the intercept
perconducting origin to the pseudogémg., precursor pair- as the residual linear term dt=0, and the slope as the
ing). As the Mott insulator is approached, /T is observed phonon contribution governed by E(B). The extension of

to decrease, leading to a decreasing value of the quasipartiateir measurements into the highly underdoped region of the
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cuprate phase diagram, whetéT becomes very small, led
us to refine this extrapolation technique. V5Si
To motivate why this may be necessary, consider the pos: 0.3
sible scattering mechanisms available to a phonon impinging
upon the surface of a crystal. The phonon may either be
absorbed and reemitted with an energy distribution given by7
the local temperaturédiffuse scatteringor it may be re- 5 B
flected elastically(specular reflection In the case of diffuse “l‘x 02
scattering, the phonon is reradiated in a random direction
resulting in a temperature independent value\gfand aT? E,
dependence ok, as recognized by Casinfit.However, as 5
the temperature of a crystal is reduced and the average phc™ 0.1
non wavelength increases, a surface of a given roughnes
appears smoother, which may increase the occurrence c
specular reflection and result in a mean free path which var-
ies as some power of tgm.perature, o) tk_tgpr”‘. We _ 0.0 | | |
\{voyld thus expect a deviation from the diffuse scatFerlng 0.00 0.02 0.04 0.06
limit of T® temperature dependence mfy for samples with T1.74 [K1.74]
sufficiently smooth surfaces. Such an effect has been previ-
ously observed in many studies of low-temperature phonon FIG. 8. Thermal conductivity of theswave superconductor
heat transport in high quality crystals, such as@,*> Si*®>  V;Si. The data are plotted a3T vs T*74 and the line represents a
KCI and KBr** LiF,* and diamond free fit to the data of the form of EA2). The resulting linear term
This effect can be seen in most of our samples, manifests zero: =1 uW K2 cm™*, consistent with that expected for a
ing itself as a gradual curvature in the low-temperature parfodeless superconductor.
of our data when plotted ag'T vs T? (see Figs. 2 and)3In _
light of this, the thermal conductivity in the boundary scat-€xtrapolate the most reliable value efT at T=0. As a

tering regime is more correctly modeled as three-parameteiree fit to the data over a temperature range
typically of a decadd¢50—-500 mK, it is far better than the
K= Ko+ Kpn=AT+BT (A2) old two-parameteforcedfit to a x/T=a-+bT? form, which

invariably must be limited to the very lowest temperatures

with «<3. HereA is the coefficient of the electronic linear (Usually below 150 mK or goand typically overestimates
term, andB the temperature-independent coefficient of thethe value of«o/T. However, it must be noted that in some
phonon term, wherer is some power of temperature, typi- cases it does not work well over the whole range up to
cally between 2 and 3Note that there is no fundamental ~500 mK. This is indeed the case in our LSCO sampies
reason for a single power law—it is simply an empirical =0.17 andx=0.20, where the single-power-law fit is inad-
result. For example, in AD; previous studi€ have found
a=2.77)

In superconductors possessing an isotropiswave gap,
the absence of an electronic linear term at low temperature: 1.0
reveals this effect well. Plotted in Fig. 8 is thermal conduc-
tivity data for thes-wave superconductor 3&i,*” where the
line is the result of a free fit to a simple power law as in Eq. &
(9). Such a procedure yields a linear ter&k=—0.04
+1 uWK ?2cmt, a phonon coefficient B=5.73
+0.07 mWK @D cm ! and an exponenta=2.74
+0.01. The validity of such a fitting procedure is best seen
by plotting the data as in Fig. 8, with theaxis in units of
Te~1. The striking linearity of the data on this plot, and the
fact that it extrapolates to zero, is good evidence for the
appropriateness of the power law fitting procedure.

0.5

®/T (MW/cmk?

Figure 9 shows the results of a fit to E() for our 002 004
YBCOg ¢ crystal, where a power law at=2.71 is seen to 0.0 . ! . !
persist to temperatures as high as 550 mK. Power-law fits ar 0.0 0.2 0.4

also shown in Fig. @), this time on ax/T vs T2 plot, for
underdoped LSCO samples. The valuemobbserved in our
samples was found to vary over a range from 2.4 for the FiG. 9. Thermal conductivity of YBCE). The data are plotted
YBCO y=6.99 crystal to 2.92 for the LSC®0=0.09 crystal.  as «/T vs T*7L and the line is a linear fit. Inset: zoom at low

It is worth stressing that the single-power-law fitting pro- temperatures. Note the presence of a clear residual linear term, the
cedure described here is simply an empirical approach teontribution of nodal quasiparticles.

T1.71 ( K1.71 )
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equate to describe the rapid fall of T below 150 mK.(Such  extrapolation is reliable; if it does not work, then one needs
a decrease was also observed in LSCO samples with similao understand why and may be forced to rely only on data
doping levels in a previous studf) The low-temperature above any anomalous downturns. Note, however, that when
drop is most likely in the electronic chanrfet,(T)], butits it comes to extrapolating very small residual linear terms, as
origin is as yet unclear. A downturn ik/T at temperatures is done in Ref. 27 where the localized vs delocalized nature
below 0.2 K or so can be induced in a sample on purpose byf the low-energy excitations is investigated, it becomes es-
simply using highly resistive contacts @kor highe). The  sential not only to use this more accurate procedure but also
dr'op is then attributed to the rapid deterioration of the couyq go down to the very lowest temperatures.

pling between electrons and phonons at those very low tem- |, this paper, all data were successfully analyzed using the

peratures. In such a case, the extrapolation procedure must,vor-law procedure, except for LSCO samples0.17 and
be based only on data above the downturn. Itis not clear thaf_ 4 55 \yhere instea,ld a linear fit to the data in Fig) Svas

the same phenomenon can still occur in the presence of ex- I :
cellent contacts, like those used h¢iess than 1)). These used below 150 mK, yielding the values g§/T quoted in

. . . Table I. Use of a power-law fit above 150 mK yields higher
considerations are explored and discussed more full\// | e /T=0.2 and 0.4 mW K2 cm- 2
elsewheré® In conclusion, when a single-power law works t'a l:es, E??i)ko e e;n - m ; cm h respec-
over a wide range of temperatu@g., up to 0.5 K then the Ively, which has no impact on any ot our conclusions.

*Present address: Laboratoire National des Champs Mggee  °M. J. Graf, S.-K. Yip, J. A. Sauls, and D. Rainer, Phys. Re%33

Pulses, 143 avenue de Rangueil, 31432 Toulouse, France. 15 147(1996.
TPresent address: Department of Physics, Cornell University, [th°J. Mesot, M. R. Norman, H. Ding, M. Randeria, J. C. Campu-
aca, NY 14853, USA. zano, A. Paramekanti, H. M. Fretwell, A. Kaminski, T. Takeuchi,
*Present address: ‘partment de physique, Universige Sher- T. Tokoya, et al, Phys. Rev. Lett83, 840(1999.

brooke, Sherbrooke, Qbec, Canada. 2Im. \Vojta, Y. Zhang, and S. Sachdev, Phys. Rev. L88, 4940
1P, Hirschfeld, P. Vollhardt, and P. W, Solid State Commun. (2000.

59, 111(1986. 22 Sharoni, O. Millo, A. Kohen, Y. Dagan, R. Beck, G. Deutscher,
2S. Schmitt-Rink, K. Miyake, and C. M. Varma, Phys. Rev. Lett.  and G. Koren, Phys. Rev. B5, 134526(2002.

57, 2575(1986. 23R. W. Hill, C. Proust, L. Taillefer, P. Fournier, and R. L. Greene,
®P. A. Lee, Phys. Rev. Let1, 1887(1993. . Nature(London 414, 711(2003. _
4A. C. Durst and P. A. Lee, Phys. Rev.@, 1270(2000. N. E. H.ussey, S. Ngkamae, K. Behnia, H. Takagi, C. Urano, S.
5L. Taillefer, B. Lussier, R. Gagnon, K. Behnia, and H. Aubin, ) Adachi, and S. Tajima, Phys. Rev. Le6, 4140(2000.

Phys. Rev. Lett79, 483 (1997 Y. Sun and K. Maki, Europhys. Let82, 355(1995.

. . 79, . 26 : .

6S. Nakamae, K. Behnia, L. Balicas, F. Rullier-Albenque, H. GS.hS'. BoeblngeKr, E,A;‘,do’?' 1F_>assner|,( T. :\(l'mlurh"‘.‘l'(M' Okuyj;'

Berger, and T. Tamegai, Phys. Rev6B, 184509(2001). Imoyama, K. Kishio, K. famasaku, . ichikawa, an ’

Uchida, Phys. Rev. Let7, 5417(1996.

2'D. G. Hawthorn, R. W. Hill, C. Proust, F. Ronning, M. Suther-
land, E. Boaknin, C. Lupien, M. A. Tanatar, J. Paglione, S.
Wakimoto, H. Zhang, L. Taillefer, T. Kimura, M. Nohara, H.
Takagi, and N. E. Hussey, cond-mat/0301107, Phys. Rev. Lett.
(to be published

2. A. Atkinson and P. J. Hirschfeld, Phys. Rev. L&8 187003

M. Chiao, R. W. Hill, C. Lupien, L. Taillefer, P. Lambert, R.
Gagnon, and P. Fournier, Phys. Rev68 3554 (2000.

8C. Proust, E. Boaknin, R. W. Hill, L. Taillefer, and A. P. Mack-
enzie, Phys. Rev. Let89, 147003(2002.

9T. Timusk and B. Statt, Rep. Prog. Phy®, 61 (1999.

R, Liang, D. A. Bonn, and W. N. Hardy, Physica &4, 105

(1998. (2002.
1IM. R. Presland, J. L. Tallon, R. G. Buckley, R. S. Liu, and N. E. 293 . Campuzano, H. Ding, M. R. Norman, H. M. Fretwell, M.
Flower, Physica Q76 95 (1991). Randeria, A. Kaminski, J. Mesot, T. Takeuchi, T. Sato, T.
123, L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J. D.  Yokoya, T. Takahashi, T. Mochiku, K. Kadowaki, P.
Jorgensen, Phys. Rev. &, 12 911(1995. Guptasarma, D. G. Hinks, Z. Konstantinovic, Z. Z. Li, and H.
BR. Liang, D. A. Bonn, and W. N. Hardy, Physica &6, 57 Raffy, Phys. Rev. Lett83, 3709(1999.
(2000. %0M. R. Norman, H. Ding, M. Randeria, J. C. Campuzano, T.
1B, W. Veal, A. P. Paulikas, H. You, H. Shi, Y. Fang, and J. W. Yokoya, T. Takeuchi, T. Takahashi, T. Mochika, K. Kadowaki, P.
Downey, Phys. Rev. B2, 6305(1990. Guptasarma, and D. G. Hinks, Natufeondon 392 157

W, N. Hardy, S. Kamal, D. A. Bonn, K. Zhang, R. Liang, E. (1998.
Klein, D. C. Morgan, and D. Baar, Physical®7, 609 (1994). 31p. J. White, Z.-X. Shen, C. Kim, J. M. Harris, A. G. Loeser, P.
16A . Hosseini, R. Harris, S. Kamal, P. Dosanjh, J. Preston, R. Li- Fournier, and A. Kapitulnik, Phys. Rev. B4, R15 669(1996.
ang, W. N. Hardy, and D. A. Bonn, Phys. Rev. @, 1349 32p. G. Loeser, Z.-X. Shen, M. C. Schabel, C. Kim, M. Zhang, A.

(1999. Kapitulnik, and P. Fournier, Phys. Rev.3®, 14 185(1996.
17p, J. Hirschfeld and W. O. Putikka, Phys. Rev. L&, 3909  33Z.-X. Shen(private communication
(1996. 34C. Panagopoulos and T. Xiang, Phys. Rev. L&1t.2336(1998.
18, Takeya, Y. Ando, S. Komiya, and X. F. Sun, Phys. Rev. Lett.35H. Ding, M. R. Norman, J. C. Campuzano, M. Randeria, A. F.
88, 077001(2002. Bellman, T. Yokoya, T. Takahashi, T. Mochiku, and K. Kad-

174520-10



THERMAL CONDUCTIVITY ACROSS THE PHAE . .. PHYSICAL REVIEW B 67, 174520(2003

owaki, Phys. Rev. B54, R9678(1999. 42R. 0. Pohl and B. Stritzker, Phys. Rev.25, 3608(1982.
36E. Fradkin, Phys. Rev. B3, 3263(1986. 4W. S. Hurst and D. R. Frankl, Phys. Re\86, 801 (1969.
37S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak, Phys. 4w, D. Seward, Ph.D. thesis, Cornell University, 1965.
Rev. B63, 094503(2001). 4p, D. Thatcher, Phys. Re¥56, 975(1967).
. Yang and C. Nayak, Phys. Rev. @, 064523(2002. 46R. Berman, F. E. Simon, and J. M. Ziman, Proc. R. Soc. London,

%%P. J. Tumner, R. Harris, S. Kamal, M. E. Hayden, D. M. Broun, D.  ger, A220, 171 (1953.

C_. Morgan, A. Hosseini, P. Dosanjh, G. Mullins, J. S. Preston, R47g goaknin, M. A. Tanatar, J. Paglione, D. Hawthorn, F. Ronning,
Liang, D. A. Bonn, and W. N. Hardy, cond-mat/0111358pub- R. W. Hill, M. Sutherland, L. Taillefer, J. Sonier, S. M. Hayden,

10, 1Sheg. » _ and J. W. Brill, Phys. Rev. Letf0, 117003(2003.
L. B. loffe and A. J. Millis, cond-mat/0112509; J. Phys. Chem. 45 Paglione, R. Hill, E. Boaknin, D. Hawthorn, M. Sutherland, L.

Solids (to be published . . .
Taillefer, R. Bel, and K. Behni@unpublishe
414 B, G. Casimir, Physic&Amsterdam 5, 495 (1938. ' launpublishedt

174520-11



