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We calculate the electronic thermal conductivity indavave superconductor, including both the
effect of impurity scattering and inelastic scattering by antiferromagnetic spin fluctuations. We argue
that phonons dominate heat transport n€arbut that electrons are responsible for most of the peak
observed in clean samples, The peak position is predicted to vary nonmonotonically with disorder, in
good agreement with experiments on YBau;—,Zn,);0;-s. [S0031-9007(96)01535-9]

PACS numbers: 74.72.BKk, 74.25.Fy, 74.62.Dh

Analysis of transport experiments in the superconducterowave measurements, and apply it to calculate the elec-
ing state of the high-temperature cuprate superconductoteonic thermal conductivity. We analyze experiments on
has already provided the most compelling evidence foZn doped YBaCuw;O;_5 to argue that (a) phonons do
electronic pairing in these materials. The collapse of thén fact dominate heat conduction &; (b) a peak in
quasiparticle relaxation rate belofy, as observed in op- «,, does indeed occur at about 20—-25 K; (c) electronic
tical [1,2] and microwave [3] measurements, is not ob-conduction does nevertheless provide most of the peak
served in classic superconductors, and is most naturalijy clean samples; and (d) the temperature at which the
interpreted in terms of a gapping of the spectral densitpeak in «(T) occurs may vary nonmonotonically with
of electronic excitations responsible for inelastic scatterdisorder. Conclusions (a)—(c) agree with a recent ther-
ing just aboveT,.. This collapse is now understood to be mal Hall conduction measurement and analysis by Kris-
responsible, e.g., for the peak at intermediate temperaturésnaet al.[7]. Conclusion (d) agrees well with recent
in the microwave conductivity of YB& W Og 95 [3]. data on YBa(Cu;—,Zn,);0;-s over a wide range of Zn

Thermal conductivity measurements provide informa-concentrations [8]. We further focus on the very low-
tion on order parameter symmetry and quasiparticle retemperature behavior of the thermal conductivity in the
laxation and have the advantage that they are bulkl-wave model, discussed recently in considerable detail
probes not subject to extrinsic surface effects whichby Graf et al.[9]. In particular, we analyze the disor-
have hampered the interpretation of the [dwnicrowave der and phase shift dependence of the “universal” lifear-
conductivity [3]. They have the disadvantage that theterm in « predicted recently by several groups [9—11].
electronic contribution to the heat current must be sepaSince at very low temperatures the phonon mean free path
rated from the phononic one. As pointed out by &ual.  has saturated, this contribution is a direct reflection of
[4], the similarity between the microwave conductivity electronic correlations and relaxation.
peak and measurements of the thermal conductiit) Electronic thermal conductivity—The electronic ther-
in YBa,Cu;O;—5 single crystals suggests that at least parimal conductivityx for an unconventional superconductor
of the thermal conductivity peak should be due to the elecf12—-15] is evaluated using a Kubo formula for the heat-
tronic thermal conductivityx (T'), in contrast to earlier current response as in the original treatment fos-arave
analyses of this peak in terms of a phonon conductivitysuperconductor [16]. In this Letter we particularly wish
kpn(T) alone [5,6]. In the work of Yet al.,the phononic  to study thed,- -~ pair state thought to provide a good de-
mean free pathf,, is assumed to vary only weakly with scription of optimally doped YB&w0;-5 [17,18]. For
T < T., whereas in the Peacet al. approach [5]{,, is  simplicity we work in what follows with the approximate
assumed to be dominated by phonon-electron relaxatiomrder parametef, = A, co92¢) over a circular Fermi
leading via the pair correlations in the electronic systensurface to describeb plane transport. The impurity-
to an exponential behavior beldfi. In Ref. [5]itis as- averaged matrix (Nambu) electron propagator in such a
sumed that,, > k.| over the entire temperature range, state is given by

whereas Yet al. deducex,n(7,) = 2 — 3kei(7Te) using o70 + &1 + iAot

the measuredr;(T.) on similar quality crystals, and as- gk, o) = 22 — &2 — AP , (1)
suming the Wiedemann-Franz law, = LoT o, with the ' ' @ £ k

free electron Lorenz numbeéy,. where o' and 7' are the Pauli matrices in spin and

In this paper, we adopt a theoretical model of elec{article-hole space, respectively. Here we have already
tronic transport in ad-wave superconductor limited by exploited the assumed particle-hole symmetry of the nor-
impurity and spin fluctuation scattering which has provenmal state, as well as the symmetries of the gap functions
successful in describing many of the systematics of miwhich lead to vanishing renormalizations for both the
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order parameter and the single-particle energies. In thiwhere®’ and@” are the real and imaginary parts &f,
case, only self-energy contributions to the frequeagy f is the Fermi function, and’,, = I + 1/27, is the
namely, ® = o — 2o need to be included [14]. The total quasiparticle scattering rate. We have numerically
self-energy3, due to the elastic impurity scattering is evaluated Egs. (2) and (3), and show results in Fig. 1.
treated in a self-consistentmatrix approximation and is In the clean limit, the combination of the relaxation rate
given by 3y = I'Gy/(c? — G3), whereI' = n;n/mN,  collapsing with decreasing temperature due to gapping
is the normal state unitarity limit scattering rate dependingf the spin fluctuation spectral density and the rapidly
on the concentration of defects, the electron density decreasing number of quasiparticles at |l@wleads to

n, and the density of states at the Fermi ledgl The a peak in the thermal conductivity very similar to that
guantity c = cotd, parameterizes the scattering strengthfound for the electrical conductivity [3,19]. As impurities
of an individual impurity through the-wave phase shift are added, the collapse of the inelastic scattering rate is
80. In this work we consider only near-unitarity limit cut off at progressively higher and higher energy scales,
scatteringc = 0 since it is clear that weak scattering such that the peak moves to higher temperatures and
will lead to a weak temperature dependence inconsistesimultaneously weakens. A preliminary report on these
with experiment for the states in question. The inte-findings is contained in Ref. [22].

grated propagator i, = (1/27Ny) > TrH{7’g(k, w)}. Phonon thermal conductivity-Were the phonon and
The equation for the self-energies is then solvecelectron thermal conductivities comparable &t, the
self-consistently together with the gap equationelectronic peak in clean samples would, according to
Ax = =T, Yk Vi (1/2) Tz gk, w,)}. Fig. 1, be very large, leading to ratios(Tpeax)/«(T)

The above approximation is insufficient to describemuch larger than the observed range of about 1.8-2.4
transport at temperatures close T, where inelastic [4,7,8,22]. We therefore expect on theoretical grounds
scattering is known to dominate. As in Refs. [19,20],that the phononic conductivity &t is several times larger
we adopt a model of scattering by antiferromagnetichan the electronic conductivity [22]. This conclusion
spin fluctuations based on an RPA treatment of thevas reached independently by Krishas@al.[7], who
Hubbard model with parameters chosen to reproducperformed a semiclassical Boltzmann type analysis of
normal state NMR and resistivity data in YBEas0,-s  their measurements of the diagonal and off-diagonal
[21]. The relaxation rate due to spin fluctuations, is  components of the tensay; in a magnetic field, assuming
quasilinear in temperature aboe and falls as~7> in  as the origin of the off-diagonal terms skew-scattering of
the superconducting state due to (a) a crossover to Fermuasiparticles off the vortex lattice. The diagonal phonon
liquid behavior below a spin fluctuation scale and (b) anconductivity x,;, was then extracted from the data under
additional factor of7 due to the restriction of relevant the assumption that only electrons were skew scattered.
quasiparticle momenta to the vicinity of tidewave order Here we adopt thex,, as shown in Fig. 2 following
parameter nodes [21]. To include inelastic scattering inthe analysis of Ref. [7], using a value of the transverse
the model in a crude way, we make the replacengt>  scattering cross section such the{Tpcak) — «(7.) is
20 — i/27m,. Although we have adopted a particular primarily of electronic origin [7]. We use the form af,,
microscopic model, we emphasize that the two featureshown for all calculations at any impurity concentrations,
(a) and (b) noted may be common to many models ofhereby neglecting the weak effect of point defects on
inelastic relaxation, which will then lead to qualitatively
similar results.

The bare heat current response is now given by a 2 ' ' ' '
convolution of the Green'’s functiop with itself at zero [ /Te0=0.001
external frequency and wave vector weighted with the
bare heat current vertexvy, 73 [16]. Impurity scattering ~So | |
vertex corrections to current-current correlation functions e
at ¢ = 0 have been shown to vanish identically for even {Z
parity statesf&x = A_y) [14]. For the diagonal thermal =
conductivity tensor one obtains To 1
i 0 2
7§eil(T)/T = %[ da)(ﬂ) (—af>Ki(w,T),
kel (T)/T. 7 Jo T Jw 0.05 505
) ° —
00 02 04 06 08 1.0
Ki(o.7) = Do) Q. @2 + ol — 2|Ak|2> ’ /T
'@’ V@2 — |Agl? & FIG. 1. Normalized electronic thermal conductivity xy for
normalized impurity scattering ratd’/T., = 0.001, 0.005,
(3) 0.01,0.05, and 0.2%\/7T. = 3 and1/7,(T.) = T..
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FIG. 2. Solid line: electronic thermal conductivig,;; dash-  FIG. 3. Total thermal conductivity vs T[K]. Symbols are

dotted line: phononic thermal conductiviky,,; dashed linex data from Ref. [8], Zn concentration 0.0%, 0.1%, 0.2%, 0.7%,

vsT/T, for I'/T.y = 0.007. Data are from Ref. [7]. and 1.7%. Solid lines: theoreticat for I'/T., = 0.007 +
0.12(Zn).

the long wavelength phonon mean free pamm ~ w*.  tion and a peak position fixed at 20—25 K whey dis-
The overall scale ok, is set by its value al’., which is  appears, leaving the (roughly impurity independety)
found to be roughly seven times,(T.). of Fig. 2.

Zn substitution: high temperatures:In Fig. 2, we Wiedemann-Franz and anisotropy ratiesMea-
plot the theoretical«(T) obtained by addingk,n(7), sured values of the ratiok(7.)/T.o(T.) are typi-
determined as above, iq,(T), with disorder parametdf  cally (1.0-1.5) X 1077 WQ/K2. If we take R =
chosen to give rough agreement with the peak height and,,(7.)/k.1(T;) =7 as above, we find for the
position of the nominally clean sample of Ref. [7]. We Lorenz number L = ko (T.)/To(T.) = (1.2-2.0) X
note that the quasiparticle mean free path extracted from0~8 WQ /K2. Given that electron correlations can
nominally pure crystal data in Ref. [7], is actually similar change this ratio substantially, this is quite close to the
to the mean free path in the 0.15% Zn sample of Ref. [3]free electron value of.y = 2.44 X 1078 WQ /K?. The
making the assignmenk'/T. = 0.007 consistent with measured anisotropy ratio in the plane,(T.)/«.(T.),
earlier analysis [20]. In Fig. 3 we now show results foris 1.2—1.3 for clean untwinned crystals [4,8]. If we
the total thermal conductivity with systematic Zn dopingassume that all anisotropy arises from the electronic
compared to data of Ref. [8] on twinned crystals ofcomponent, and usingR = 7 once again, we find
YBay(Cu;—,Zn,)307-5. Note that the impurity scattering «p¢1(7.)/kae1(T:) = 2.6-3.4.  This is close to the
parameterd” for the various curves were chosen to reflectmeasured electrical conductivity ratio ef,/o, = 2.4
Zn concentrations of 0.1%, 0.2%, 0.7%, and 1.7% usingeported by Zhangt al. [23].
the identification of a contribution to the scattering rate Zn substitution; low temperatures-Direct information
I'/T., = 0.12 per 1% Zn. This is a factor of 2 larger on electronic properties may be obtained by working at
than the contribution extracted from comparisons withvery low temperatures, such that the phonon contribu-
microwave data in Ref. [20], but consistent with the errortion, which should fall asT® when the mean free path
bars cited in that work. We have also added in all casesaturates due to boundary scattering, is negligible. In
a residual scattering rate df /7. = 0.007 consistent the resonant scattering limit considered here, a significant
with the nominally pure sample as in Fig. 2, apparentlylinear electronic contributionk.; = aT should domi-
representative of oxygen defects in the near-optimallynate the phonon conductivity indawave superconductor.
doped samples. With this assignment, there are no furth@rhe thermal conductivity in this limit is “universal” in
free parameters in the theory. the sense that the prefactoris independent of the im-

We note first that the position of the peak in tempera-purity scattering rate to leading order [9-11], in anal-
ture is nonmonotonic in both the data and the theory. Irogy to the limiting 7T = 0, o« — 0 conductivity ooy =
the current theory this occurs because, while the electronige?/mm A, [24]. As pointed out by Grafet al., the
peak initially dominates and moves upwardfirwith dis-  Wiedemann-Franz law is obeyed exactlyTat= 0 in the
order, the phonon peak at 20—25 K eventually becomeslean limit, i.e.,a — Lyo .
more important as the scale gf; is reduced by disorder. While o is difficult to measure due to its small size
We expect that continued Zn doping will lead to satura-and to possible extrinsic contributions alluded to above,
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: provided strong evidence for a phononic conductivity
T significantly larger than its electronic counterpart ngar
h T/Tc=0.01 The electronic component is nevertheless responsible for
Ly the peak in clean samples, but disappears with percent
\ s - level Zn doping. Finally, we have discussed the low-
T limiting behavior of k, and pointed out that small
deviations from the unitarity scattering limit can give rise
to quite nonuniversal results.
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