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Evidence for strong electron-phonon coupling in the thermal conductivity
of YBa2Cu307
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We have measured the ab-plane thermal conductivity (x') on single-crystal YBaqCu307 —$ (8=0.08)
in the temperature range lOS T & 300 K. Our main focus is an analysis of the slope change in «(T),
which occurs just below the superconducting transition. The reduced-temperature (t =T/T, .) deriva-
tive of the normalized thermal conductivity, d(tt—"/tt")/dtI, -~, as determined from the data, is rather
small, ~1.1. From measurements of the electrical conductivity on the same specimens and applica-
tion of the Wiedemann-Franz law, we determine the relative contributions to the heat conduction from
the carriers and the lattice, and discuss the normal-state phonon-scattering mechanisms. Employing
these results we calculate the slope of the lattice thermal conductivity at T, and infer that the slope of
the carrier conductivity must by very large, ~ 6. This result implies strong coupling for some of the
carriers.

The thermal conductivity tt in the high-T, superconduc-
tors' is unique in providing information on the transport
mechanisms occurring in both the normal and supercon-
ducting states. The dominance of the phonon heat trans-
port over that of the carriers and the importance of
phonon-carrier scattering in the cuprates are manifested
as a sharp upturn in the ab-plane «. for T( T„. An
analysis of this feature offers the potential of revealing in-
formation about the superconducting energy gap 5 and
the strength of the electron-phonon coupling, two funda-
mental parameters that are currently the focus of much
experimental and theoretical research.

In this paper we analyze the slope change in the
ab-plane thermal conductivity of two YBazCu307 —$
(b=0.08) single crystals. Measurements of both the
thermal and electrical conductivities on the same speci-
mens enable us to estimate the carrier and lattice contri-
butions to the total x. The importance of phonon-phonon,
phonon-carrier, and phonon-defect scattering are demon-
strated. Employing these results we calculate the slope
change in the lattice conductivity at the superconducting
transition. We infer that the carrier thermal conductivity
decreases sharply below T„consistent with strong cou-
pling for some of the carriers.

The YBa2Cu307 —b crystals were grown in zirconia cru-
cibles by a self-decanting flux method described else-
where, and were subsequently annealed in oxygen at
450-500 C. Both specimens were high-quality, mm-
sized (80-pm-thick) single crystals with p(295 K) = 250
p 0 cm, transition widths h, T,. ~ 0.5 K, and R =0 at 92 K.

The oxygen deficiency of specimen 1 was estimated as
8=0.08 from measurements of thermoelectric power,
performed simultaneously with the thermal conductivity
and reported previously. This value is consistent with the
value inferred from the anomalous features in magnetiza-
tion hysteresis loops, which have recently been shown to
correlate with the c-axis lattice parameter (a measure of
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FIG. 1. Thermal conductivity vs temperature for two
YBa2Cu307 —& single crystals.

oxygen content). The magnetization of specimen 2 im-

plies an oxygen content similar to that of sample 1.
The thermal conductivity was measured using a

steady-state technique, employing a differential chromel-
constantan thermocouple and small resistive heater glued
to the specimen with varnish. The temperature difference
during measurement, /3. T, was typically 0.3-
1.0 K. Linearity in the hT response was confirmed
throughout the temperature range by varying the heater
power. Errors in «due to heat losses are estimated to be
less than 2% except for T ) 200 K where radiation losses
become more significant. At room temperature we esti-
mate an error in x of =10%.

Figure I shows «(T) for both specimens. Near room
temperature tr-8-9 W/mK, which agrees with previous
measurements on single-crystal YBa2Cu307 —+ The
most notable feature in these data is the sharp upturn and
peak that occur for T & T,. This behavior is widely ob-
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ser~/cd in the cuprates, ' and arises from an increase in the
phonon mean free path due to the reduced scattering of
phonons by carriers as the latter condense into supercon-
ducting pairs. An analysis of this slope change is our prin-
cipal focus and is discussed in detail below. We first ad-
dress the behavior of x. for T & T,.

The contribution of the carriers to heat conduction may
be calculated using the Wiedemann-Franz law (WFL),
which states that x;/cJT Lo, where x; is the electronic
component of the thermal conductivity, o is the electrical
conductivity, and Lo 2.45&10 W 0/K is the Lorenz
number. This yields an upper limit estimate of x, and we
find at 100 K, x,/x =0.31 for both specimens.

In Fig. 2 we plot the lattice conductivity xL x —x;,
where x„ is determined, as above, from the measured elec-
trical resistivity and the WFL. The slight upturn in «L at
T ~ 100 K for specimen 2 is probably associated with su-
perconducting Auctuations, an issue we address in more
detail elsewhere. In general, we anticipate three princi-
pal sources of scattering for phonons in a metal: defects,
free carriers, and other phonons. Phonon-carrier and
phonon-defect scattering yield a temperature independent
or weakly decreasing xi with decreasing temperature at
high temperatures. The observed increase in xI with de-
creasing T is characteristic of phonon-phonon scattering.
The overall change in xi from 300 K down to T,. is, for all
specimens, relatively small (~ 20%) in comparison to
that expected for a defect-free insulator (greater than or
equal to a factor of 3). Thus with regard to lattice con-
duction, YBa2Cu307 —s appears to be in the complicated
regime where all three scattering mechanisms are
significant. These observations are consistent with a more
quantitative analysis discussed below.

We now address the change in heat transport at the su-

perconducting transition and consider the ratio of the
thermal conductivities in the superconducting (s) and
normal (n) states, x'/x", a quantity which is most readily
compared with theory. We may write the temperature
derivative of this ratio as

d ( s/ n) da +(1 ) d/j + dlnx
dt dt dt dt

where t =T/T, . is the reduced temperature, a= x,'/x,",—
P—= xt'/xt", and t) x,"/x" is the relative contribution of
carriers to the total heat conduction. The normal-state
thermal conductivity x" is determined, for T ( T„, from
the experimental data by smooth extrapolation of the
normal-state data to several degrees below T, . In Fig. 3
we plot x'/x" vs t near t =1. The slopes are d(x'/x")/
dt~, -( = —0.4 (sample 1) and —1.1 (sample 2) as indi-

cated by the solid lines. The third term on the right-hand
side of (1) is determined directly from the data at T ~ T„.
This term is quite small and thus the slope is determined

by a competition between the first two terms which have

opposite sign.
The BCS theory of thermal conductivity for weak-

coupling superconductors '' predicts that, in the limit-

ing cases of predominant electron-phonon and electron-
defect scattering, respectively, a is a universal function of
6/kqT and for 6=6, da/dt (, -~ =1.6 (electron-
phonon) and 0 (electron-defect). For strong coupling
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FIG. 2. Lattice conductivity (xi ) vs temperature. xL was
calculated by subtracting, from the data in Fig. l, a;. as deter-
mined from the measured electrical resistivity and the WFL.
The solid lines are calculated from Eq. (2) with 5 0 and pa-
rameters for sample I (2): Ape q 1.73 x 10' (2.80 X l 0')
s K Apg-g 6.0X l0 (l.4X 10 ) s ' K ~ Apg. pg 40 (l9)
s ' K (see text for details).
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FIG. 3. The normalized thermal conductivity near T, plotted
vs reduced temperature. Inset: Values of the reduced-tem-

perature derivative of the normalized lattice thermal conductivi-

ty dP/dt ~, ~ plotted vs gap size, as calculated from Eq. (2) us-

ing the same parameters as for the normal-state curves in Fig. 2.

and when electron-defect scattering ' ' predominates,
da/dt(, -~ 0 as in weak coupling. The case of strong
coupling and dominant electron-phonon scattering is,
however, much more complicated and depends on the
form of the electron-phonon spectral function, a (co)
xF(to). ' For materials such as lead and mercury where
these parameters are known from tunneling measure-
ments, the very rapid decrease in x; observed experimen-
tally is in reasonable accord with theory. The difference
from weak coupling arises both from the more rapid open-
ing of the gap for strong coupling as well as the stronger
frequency dependence of the quasiparticle relaxation
rate. ' ' The value of da/dt ~, -~ =9 for lead' is the larg-
est known for any material. A slope da/dt(, -~ substan-
tially greater than 1.6 may thus be considered evidence for
strong electron-phonon coupling.

The slope of the lattice conductivity for weak coupling
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and predominant phonon-electron scattering can be calcu-
lated from the Bardeen-Rickayzen- Tewordt (BRT)
theory ' . Tewordt and Wolkhausen have modified this
theory to include the effects of other scatterers' and crys-
talline anisotropy' on the lattice conductivity. In addi-
tion to the dependence on 6/k8T, the slope dP/dt ~, =~ de-
pends on the model phonon-scattering rate, in the case of
YBa2Cu307 —q a rate which must, as discussed above, in-
corporate the combined effects of scattering by carriers,
phonons, and defects. For strong coupling, the lattice con-
ductivity very close to T, can be calculated from the
weak-coupling theory, provided the BCS gap is scaled to
the appropriate strong-coupling value. ' Thus the tem-
perature dependence of P in this regime is governed by
h(T) which should follow the mean-field expression
h(T) =a(l —t ) '/, independent of the coupling strength
[a is a scaling constant = 1.746(0) for the BCS gap].

It is important to note that the change in the lattice
thermal conductivity at T„generally reflects the coupling
of carriers to longitudinal-acoustic phonons (presumed re-
sponsible for most of the lattice heat conduction) and
these phonons may not be the most important for super-
conductivity. Recent calculations by Peacor et al. ' sug-
gest that the coupling for these modes in YBa2Cui07-q is
rather weak. It is the value of da/dt (, -~ which holds the
most direct information regarding the strength of the
carrier-phonon interaction relevant to superconductivity.

We now calculate the lattice conductivity slope from
the BRT theory' ' '" and place limits on the slope of the
electronic component for YBa2Cu307 —q using our experi-
mental results and Eq. (1). The lattice conductivity is
written as

3
k8 k8T

KL =
2x'v

~4 x

(&x 1)2

pl
x d( —,

' (1 —
g ) r (x,(,T), (2)

+At,g „xTg(x,T)(1 —(' ) +A@i, vi, x T

where d is the crystallite thickness. Here, g(x, T) is the
ratio of the phonon-carrier scattering rates in the super-
conducting and normal states as defined by BRT, equal to
unity for T & T, and a universal function of A/kHT for
T & T, The integration over the variable g describes the
anisotropy of the electron-phonon interaction; it is as-
sumed that only the in-plane component of phonon
momentum is emitted or absorbed by the carriers. '" Fol-
lowing Ref. 17 we take A=gh, , where g is a constant.
The coefficients A„g,~, A„q,„A„q „q are determined self-
consistently by numerically integrating Eq. (2) to fit the

where v =5000 m/s is the sound velocity, 8=400 K is
the Debye temperature, x = hto/k8T is the reduced pho-
non frequency, and r (x, (,T) is the phonon relaxation
time. The scattering of phonons by crystal boundaries,
point defects, carriers, and other phonons is represented
by

'(x, T) = v/d+Apg g(xT)'

normal-state x'L data and the data for T ~ 2G K where
x= x'g. . The normal-state curves for the two specimens
are shown as solid lines in Fig. 2. The slope dP/dt(, -~ is
then determined from the calculated P(t) curves. In the
inset of Fig. 3 we plot —dP/dt(, -~ versus the gap size
2&(0)/k8T„ for the two parameter sets. A number of ex-
periments suggest the existence of two gaps in YBa2-
Cu307 —$ associated with the Cu02 planes and Cu-0
chains, with 25'~(0)/k8T„= 5-6 and 2d„q(0)/k8T„
=2.5-3.5. The two-band expression' for trL is more
complicated than Eq. (2), but we may place a conserva-
tive lower limit on dP/dt(, -~ by using the smallest gap
size, 25(0)/k8T, 2.5. This implies dP/dt], -~ = —4.5
which, from Eq. (1), yields da/dt~, -~ =6. A more
reasonable picture that assigns strong coupling to the
planes and weak coupling to the chains would imply a
plane contribution, dao'/dt (, -~ = 20. Our main con-
clusion, da/dt), -~~6, indicates that strong coupling
characterizes some of the carriers in YBa2Cu307 —$.

Since our analysis relies on the calculated value of
dP/dt ~, - ~, and specifically the choice of scattering param-
eters, we have examined the influence of the latter careful-
ly. The coefficients employed for sample 1 (2) imply that
at T=100 K defect and carrier scattering account, re-
spectively, for approximately 75% (60%) and 18% (30%)
of the lattice thermal resistivity. Hence dP/dt), -~ is
determined principally by the relative weights of the car-
rier and defect scattering terms. We find that dP/dt~, -~
varies by less than 20% when these terms are varied
within acceptable ranges. We also find similar results
when we allow for a substantial deviation from the WFL,
as would be expected for T &8 in a pure (electronically
speaking) material or a material with very strong
electron-phonon coupling. Thus we believe that our
overall conclusion regarding da/dt (, -~ will survive a more
detailed and specific model.

As mentioned above, in the context of the existing
theory values of da/dt~, -~ larger than 1.6 imply strong
electron-phonon coupling and predominant electron-
phonon scattering. Electron-phonon scattering predom-
inates at T,. only in the purest of conventional materials
and one may question whether it is feasible for this condi-
tion to hold in YBa2Cui07 ~. The most obvious reason
why it may be reasonable is the higher transition tempera-
ture of YBa2Cui07 q, the relative weight of phonons in
the total scattering of carriers is substantially enhanced at
higher temperatures. Second, the strength of the
electron-phonon coupling may be substantially larger in
YBa2Cu307 —z than in any conventional material.

The slope da/dt), -~ for strong coupling and predom-
inant electron-phonon scattering ' is directly proportional
to the product of the derivative d(h/k8) /dt~, -~ and a
frequency average of the quasiparticle relaxation rate
1(to). Employing the mean-field expression for the gap
at T, , a gap size of 2h(0)/k8T„=6 would enhance
d(h/k8) /dt(, -~ by roughly a factor (6/4. 1) =2 over
that of lead, for example. It is generally true that the
more strongly I (to) decreases with frequency, the larger
is the slope da/dt(, -~. A strong frequency dependence
can arise from sharply peaked structure in the coupling
function, a (to)F(to). In this regard we note that there is
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subst;~ntial evidenc~: from Raman scattering that some
carriers couple strongly to optical phonons, especially
thos~. ; modes yielding peaks in the phonon density of states
F(to) near energies of 15 and 45 meV. Recent tunneling
results ' on Bi2Sr2CaCu20 reveal such structure in the
derived coupling spectrum (with A, = 3.5), and similar re-
sults for YBa2Cu307 —q are anticipated. Thus it is possi-
ble that the contribution to da/dt~, =~ from I (to) is also
large. As more information about a (co)F(to) becomes

available it will be possible to examine these hypotheses in
a more quantitative fashion.
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