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Universal Heat Conduction inYBa;Cu3zOg 9
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The thermal conductivity of YB&wO69 was measured at low temperatures in untwinned single
crystals with concentrations of Zn impurities from 0% to 3% of Cu. A linear tet7T =
0.19 mMWK™2cm™! is clearly resolved asl — 0, and found to be virtually independent of Zn
concentration. The existence of this residual normal fluid strongly validates the basic theory of transport
in unconventional superconductors. Moreover, the observed universal behavior is in quantitative
agreement with calculations for a gap functiondsfvave symmetry.  [S0031-9007(97)03618-1]

PACS numbers: 74.25.Fy, 74.72.Bk

The theory of quasiparticle transport in unconventionakistiveT, is given in Table |. The uncertainty on the geo-
superconductors, developed over the last decade, has maetric factor is at most-10%, 10%, 20%, 5%, and 10%
mained largely untested. A novel feature that arises whefor thex = 0 (“pure”), 0.6%, 2%, 3%, and deoxygenated
the superconducting gap function has nodes for certai(fdeox”) samples, respectively.
crystal directions is the existence of quasiparticles at The a-axis resistivity is linear in temperature above
T = 0. This residual normal fluid is a consequence of130 K [6], and a fit toA + BT yields the values in
impurity scattering, even for low concentrations of non-Table I. Zn substitution has two effects: it reducgs
magnetic impurities (see [1,2], and references therein). Itand it increasesi. At low concentration, both effects
presence, which should dominate the conduction of heatre linear, andiT,./dA = —0.5 K/u{ cm, in agreement
and charge al' < T,, has yet to be firmly established with data on twinned crystals (e.g., [7]). Concentrations
[3], and its properties have never been investigated. Fasf Zn from 0% to 3% correspond to a large range of
certain pairing states, with appropriate gap topology andcattering rates, but to a modest level of pair breaking:
symmetry, an appealing phenomenon is predicted to oadding 3% Zn suppressds by only 20%. Given that
cur: quasiparticle transport should be independent of scathe inelastic scattering term8 is independent ofc, the
tering rate asl — 0. This universal limit, first pointed impurity scattering ratd” = 1/279 may be estimated via
out by Lee [4] for the case of @-wave gap in two dimen- the residual resistivity, = m*/ne’ry:
sions, is the result of a compensation between the growth 5
in normal fluid density with increasing impurity concen-  L'o(x) = (@, /8m)[po(x = 0) + A(x) — A(0)], (1)
tration and the concomitant reduction in mean free path. )

In this Letter, we report the first observation of uni- Wherew, = y4mne>/m* is the Drude plasma frequency
versal transport in a superconductor. Our study of heg@"d po(x = 0) is the resistivity of the pure crystal
conduction in the high, cuprate YBaCu;Ogo provides at T = O The Iatter_ is estimated via the microwave
a solid validation of the basic theory of transport in un-conductivity, from which the mean free path is known
conventional superconductors and insight into the naturl® increase by=100 in going from 100 K to=10 K in
of impurity scattering in the cuprates. It also supports
strongly an identification of the gap function as havihg TABLE I. Sample characteristics for the four untwinnes
wave symmetry. axis crystals of YBaACu;—,Zn,);O0s9. x is the nominal zinc

The thermal conductivity(T) was measured between concentration andl’. is the superconducting transition tem-
perature. A and B are extracted from a linear fit of the

0.05 and 1 K, for a current along theaxis of five single  registivity (130 < 7 < 200 K). The scattering raté, is esti-
crystals: four untwinned crystals of YB&u;—,Zn,)30s9  mated via the resistivity using Eq. (1) with, = 1.3 eV and
and one crystal of YB&EwOgy. The latter was ob- po(x =0) =1 nQcm.

tained by full deoxygenation via annealing at 8@in

. e . . . TC A B F /Tc()
helium gas for 64 h; it is insulating, with,(100 K) = ;/C K acm ~1 ’
. T . 4 . Q K h/k
427 Q m. x is the nominal concentration of Zn, achieved (%) (K) (w ) (pfemK™) (/ks)
by mixing in ZnO powder at the start of the growth Pure 93.6 —143 0.95 <0.014
process in the atomic ratio Zn:Cu3x:1 — x, forx = 0, 2'6 gg'g _162'09 1(')084 0(')143
0.006, 0.02, and0.03. The experimental technique and the 746 529 107 054

sample preparation are described elsewhere [5,6]. The re
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high-quality untwinned crystals [8]. Singe,(100 K) =  a well-oxygenated crystal, also shown in Fig. 1 (cir-

75 pfdcm, then po(x =0) <1 uQcm. With w, = cles): electronic carriers contribute a definite linear

1.3 eV (a axis) [9], one gets the scattering rates listed interm to «(7). Applying the same fit as before yields

Table |, in units ofT,y = T.(x = 0). Notethat3% ofZn a = 0.19 MWK 2cm ' andb = 17 mWK “*cm™'.

causes a 40-fold increase In. It must be emphasized that such an analysis is sound
In order to usec(T') as a probe of quasiparticle behavior, only when applied to the asymptotic regime #gy,. To

the phonon contribution must be extracted reliably. Thisconfirm that this is indeed the case for< 150 mK in the

can be done only by going to temperatures sufficientlyinsulating crystal, note that = 0 and the magnitude of

low that the phonon conductivity,, has reached its well- the cubic term is right; i.e., it corresponds to a maximum

defined asymptoti@? dependence, given by mean free path\, dictated by the mean crystal width
| w. Indeed, from Eq. (2) using = 0.3-0.4 mJ/K* mole
Kpn = 3 Bvpn)AoT?, (2)  [12,13] and(v,n) = 4000 m/s (v, = 6000 m/s, vy =

3700 m/s [14]), Ay = 270-360 um = 2w/ /7 (see
where g is the phonon specific heat coefficiett,) isa  Table Il). (Note that3 and(v,), given here foy = 6.9,
suitable average of the acoustic sound velocities,/ani$  could be slightly different fory = 6.0 [13,14].) So the
the temperature-independent maximum phonon mean frgghonon mean free path in the= 6.0 sample unambigu-
path. In nonmagnetic insulators, acoustic phonons are theusly reaches its maximum, boundary-limited value at
only carriers of heat at low temperature and Eq. (2) is well=0.15 K. It is then reasonable to expect a very similar
verified, with (vy,) = vz (25 + 1)/(2s3 + 1) in single phononbehavior in they = 6.9 sample, given its nomi-
crystals, wheres = v, /vy is the ratio of longitudinal to nally identical crystalline quality and surface quality,

transverse velocities [10]. In high-quality crystaly, =  and its comparable dimensions. This is nicely borne out
2w//m, wherew is the (geometric) mean width of a by the /7T data in Fig. 1: the only difference between
rectangular sample [10]. the two curves { = 6.9 and 6.0) is a rigid offset. In

The simplest way of investigating the phonon contribu-such a well-defined context, the appearence of a linear
tion in YBaCw O, is to remove all electronic carriers by term upon introducing electronic carriers is conclusive
settingy = 6.0. (Note that antiferromagnetic magnons evidence for the existence of zero-energy quasiparticles in
are not expected to contribute @ < 1 K, since the YBa,CwOg9 and, as a result, it confirms a key feature of
acoustic spin-wave gap in YB&wOg 15 is =100 K[11].)  the basic theory of transport in unconventional supercon-
The thermal conductivity of such an insulating crystal isductors [1,2,4,15-18]. In this connection, earlier claims
shown in Fig. 1 (triangles). As seen from the linear fit, of a residual electronic linear term inof YBa,Cu;O7_

k/T = a + bT? below about 0.15 K, witha = 0 and  were inconclusive, being all based on the same analysis
b =14 mWK *cm™!. The first question of interest is: as used here but applied to arbitrary temperature regimes
what happens when electronic carriers are introduced®or a review, see [19]).

The answer is provided by the thermal conductivity of Having established the existence of a residual normal
fluid in YBa,Cu;Og 9, the next question is that of univer-
sality. This is addressed by looking at concentrations of
Zn such thatl” ranges from<0.0147, up t00.547.. The
thermal conductivity of YBa(Cu;—,Zn,)3069 is shown

in Fig. 2, where it is apparent thatis unaffected by the
variation inI" atT = 0.1 K, where the heat is carried pre-
dominently by quasiparticles (cf. Fig. 1). In other words,
transport by the residual normal fluid is universal

TheT — 0 limit of «/T is obtained from a fit tax +
bT? limited to T < 150 mK, as applied earlier, which
yields the values fou = «(/T andb listed in Table II.
Note that the ratioAy/(2w//7r) = 1 for all crystals,
proving that the asymptotic phonon regime was reached in
all cases. (The somewhat larger ratio for the pure sample
is intriguing—further work is needed to elucidate this.)
0 0.02 0.04 0.06 0.08 As seen from a plot ok /T versusI’, shown in Fig. 3,

these values are consistent with a universal linear term of
T? (K2) 0.19 MWK 2cm™!. Note, however, that the error bars

FIG. 1. a-axis thermal conductivity of the two YBEWO, on the values ofa and » in Table Il are fairly large,

crystals, one superconducting & 6.9; circles) and one insu- because they combine uncertainties on the geometric
lating (y = 6.0; triangles). Main panelx/T vs T2; lines are  factors (largest for the rather short 2% sample) and on

fitstoa + bT? for T < 0.15 K. Inset:x/T vsT. the fit, which is limited to a small temperature range

1

0.8

0.6

0.4

x /T (mW/K? cm)

0.2

484



VOLUME 79, NUMBER 3 PHYSICAL REVIEW LETTERS 214Jy 1997

TABLE Il. Parameters used in fitting /7 to a + bT?, wherea = /T is the electronic
residual linear term and = «,,/T* is the asymptotic phonoff® term. w is the mean
sample width and\, is calculated from Eg. (2) using = 0.3—0.4 mJ/K* mole anc(v,,) =

4000 m/s.
Sample w ko/T kpn/T?

(%) (um) (MWK2cm™) (MWK *ecm™) 7T Ao /2w
Pure 252 0.19 = 0.03 17 £ 2 1.2-1.6
0.6% 242 0.17 = 0.04 11 £2 0.8—1.0
2% 177 0.25 = 0.07 7*3 0.7-0.9
3% 238 0.20 = 0.05 8§ +3 0.6—0.8
Deox 315 0.00 = 0.01 14 £ 2 0.8—1.0

(smallest for the 3% sample). One way of eliminating theexpected only for special gap functions with appropriate
uncertainty on the geometric factor is to use the resistivitgtopology and symmetry. This is the case for a pairing
data obtained with the same contacts. Indeed, by fixingtate ofd,>—,- symmetry, with line nodes at azimuthal
B = 1.03 uQ cmK™! for all samples, thereby imposing angles¢ = m# /4 (m = 1,3,5,7). TheT = 0 limit of

the reasonable constraint that the inelastic scattering is nat/T along thex (or a) direction is [15,16]
affected by small levels of Zn, one can corregi/T by Lone? Fk2 o2 |
multiplying it by B(x)/1.03. This yields the following KO fporgy — 2222 8 (3
corrected value€.17 + 0.01, 0.17 * 0.02, 0.23 * 0.02, T m* wS  6e* S

and0.21 = 0.04 mMWK™2cm™!, for x = 0%, 0.6%, 2%,  \here oy, is the universal limit of charge conductivity
and 3%, respectively. These are plotted in the inset of[4’16], Lo = (w2/3) (kz/e)? is the Sommerfeld value of
Fig. 3 Vversus the similarly corrected,. The corrected the [ orenz number, an§l = |dA(¢)/d b o is the slope
plot with its smaller error bars no longer allows for a ot the gap at the node [16]. The topology of the excitation
constant'llnear term: there is a small but definite upwar(bap right at the node [e.gA(¢) ~ ¢ — /4] determines
slope, with a minimum growth of 30% over the range niversality and then the slopg sets the magnitude of
of I',; and a maximum growth of 55%. From this we , /7 Note that a gap function of the right topology but
conclude that while the residual linear term is universalgs ¢ \wave symmetry willnot in general show universal
in the sense that a tenfold increaselin(from 0.014T. behavior, so that our observation of a universg{T is

to 0.137, in going fromx = 0% to 0.6%) leavesk,/T strong support for a gap ef-wave symmetry.

unchanged, at largdr there is a slight increase, reaching A quantitative comparison with the theory reinforces

approximately 40% aF /T, = 0.6. _ this conclusion. In the simplified case of the standard
Let us now compare our results with the theory of

heat transport in unconventional superconductors [15-—

18]. The first point to emphasize is that universality is 0.5 [T . I . .
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T (K) FIG. 3. Residual linear term vs scattering rate for the four

crystals of YBa(Cu;—,Zn,);O¢9; the dashed line indicates a
FIG. 2. g-axis thermal conductivity of the four Zn-doped constant ad.19 mWK™2cm™!. Inset: same, but with corrected
crystals, plotted ag /T vsT. values (see text); the solid line is a least-squares fit.
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d-wave gapAjco92¢), S = 2A(. Using available es- In summary, we presented the first observation of uni-
timates ofiw, and the gap maximund,, respectively versality in the transport properties of a superconductor. A
equal to 1.3 [9] and 20 meV [20], one gets residual linear termx /T = 0.19 mW K2 cm™ ! is clearly

resolved in the thermal conductivity of YB@u;Og9 and

attributed to electronic carriers. The observation of this

residual normal fluid is a powerful validation of the basic

theory of impurity scattering in unconventional supercon-

which is remarkably close to the measured value ofluctors. The fact that,/T is universal, i.e., virtually un-

0.19 MWK 2cm™!. Given that the real gap will have affected by changes in the impurity scattering rate, strongly

more structure than a simple ¢@&) dependence, the confirms the gap as havinffwave symmetry. However,

factor of 2 discrepancy suggests that it actually rises fronfrom the magnitude ok,/7, it appears that the gap rises

the node half as fast as in the simple model. This in nanore slowly at the nodes than described by the standard

way detracts from the conclusion that a (generalizéd) functionAgcoq2¢) with Ay = 2.5kgT .

wave gap is in excellent quantitative agreement with the We thank John Berlinsky, Brett Ellman, Matthias Graf,
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