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Defects and the thermal conductivity of YBa,Cu30+_5 and YBayCuyOg.

B.M. Andersson and B. Sundqvist

Department of Experimental Physics, Umed University, S-90187 Umed, Sweden*.

Abstract

We present below the first measured data for the thermal diffusivity and the thermal conductivity, A, of dense, sintered ceramic
YBayCuyOg (1-2-4) as a functlon of temperature T between 40 and 310 K. At 300 K, A is 6.3 Wm~ 1g-1 , increasing with
decreasing T to about 9.5 Wm~ IK-1 near T,. This T dependence is much stronger than in YBayCu30q_g (1-2-3). Only a very
small enhancement is observed in A below T As in 1-2-3, A is mainly limited by phonon scattering by defects.

1. Introduction”

The thermal conductivity A is one of the few physical
properties of a material that has a non-zero value in both
the superconducting and the normal state and thus can
be studied in both cases. Since A also carries information
on both the charge carriers and the phonons, and the
scattering of both by each other, by defects, and by other
excitations, it is not surprising that a large number of
studies of A have recently been carried out [1j on high
transition temperature superconductors (HTS).

Most studies of A have been carried out on
YBayCu3zO7.5 (1-2-3) in cither ceramic or single crystal
form. We present below the first data for YBayCuyOg
(1-2-4) which is more difficult to produce in the form of
large, dense samples, and which has thus not been
studied previously. These data are analysed here in terms
of accepted theories, and it is shown that A is mainly
limited by phonon scattering by defects in the normal
state. Since low-T measurements are still in progress, we
postpone the discussion of the superconducting state to a
more complete report published elsewhere [2].

2. Experimental details and results

The 1-2-4 material was produced by hot isostatic
pressing a mixture of 1-2-3 and CuQO powders as describ-
ed previously [3]. The sample was cut along the axis of a
hot pressed cylmder and had approximate dimensions
0.7x0.9x13.8 mm3. As before, its porosity was smaller
than 1.5%, and both Te. (79 K) and the measured
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electrical resistivity p (600 pQcm at 295 K) were in
good agreement with the results found in a previous
study [4].

A was measured directly using a steady statc longi-
tudinal ("four probe") method at low T (< 100 K). At
higher temperatures, where radiation errors can be very
large for this method, we measured instead the thermal
diffusivity a, defined as a = k/dcp, where d is the density
and p the specific heat capacity. The method used was
Angstrom's classical temperature wave method [5] and
the experimental setup has been described in detail
clsewhere [6]. A was then calculated from the measured
data for a using literature data [7] for ¢, versus T. This
method gives a very high accuracy for a, but the
accuracy in the data for A also depends on the accuracy
of the data for cy, used, and since a varies rapidly with T
(figure 1) a careful temperature calibration is very im-
portant. In the present case the experimental error is
estimated to be below +5% for both methods. More
details will be given in Ref. 2.

Figure 1 shows typical experimental data for a as a
function of T, and figure 2 shows data for A calculated
from a. Because of the very large number of data points
collected in each run a random selection only is shown.
For comparison we also include data for single crystal 1-
2-3 from Ref. 8 in figure 2. We note that at 100 K, A in
our ceramic 1-2-4 sample equals the in-plane value for
this particular 1-2-3 single crystal, and that the T depen-
dence of A is stronger in 1-2-4 than in 1-2-3. We have
also measured a and A for dense, sintered 1-2-3, produc-
ed by a similar hot pressing procedure but with a larger
porosity. In that case we find a practically constant A =
4.5 wm K1 from 100 to 300 K, then rapidly rising
below 90 K, in excellent agreement with literature data
for ceramic material with similar structure [1]. Only a
very small enhancement of % is found below T in 1-2-4;
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Figure 1. Thermal diffusivity a versus T for 1-2-4.
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Figure 2. Thermal conductivity A versus T. @ -1-24, (this
work), O - single crystal 1-2-3 (from Ref. 8).

figure 3 shows preliminary data obtained by the steady
state method in this range. Further data for 1-2-4 in the
superconducting state will be shown in Ref. 2.

3. Discussion

3.1. Theoretical model

We discuss the results for A presented above in terms
of accepted models. Both phonons and electrons (holes)
carry thermal energy, and transport by phonons usually
dominates A in HTS [1]. The total A can be written A =
}‘p + he, where p denotes phonons and e electrons. It is

usually assumed that A can be calculated approximately
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Figure 3. Thermal conductivity vs. T near T. Dashed line
extrapolates the normal state behaviour.

from the standard expression A, = LyT/p, where L is
the Lorenz number and p the electrical resistivity.
However, this expression will overestimate Ao at low
temperatures because of the neglect of inelastic
scattering [9].

The lattice thermal conductivity can be written [1,10]

/T 4 x
= T3 (x,T)x"e*dx
*p ey M

where © is the Debye temperature, x = ho/kT and the
total relaxation time 7 is given by

1= A+BT4x4 + CTxg(xy) +
+ DT3xZexp(-©/acT). @)

All numerical prefactors have been included in Eq. (2),
in which the four terms describe scattering by
boundaries, defects, electrons (holes), and phonons,
respectively; g is a function describing the ratio of
electron-phonon scattering in the normal and supet-
conducting states, and o is a numerical constant. The
phonon-phonon term given above differs from that given
by Uher [1} and coworkers [8,11,12]: The standard
approximation is [13] DT3x2 givin § OC I/T at high
T. In Refs. 8,11 and 12, a term DTx“ is used, because
this is found to give the best fit close to T, but this form
gives A, OC 1/T+ at high T. The standard expression, on
the other hand, leads to a constant A, as T—0, in con-
trast to the exponential increase actually observed [9].
The exponential factor is often introduced to solve these
problems, and fits to experimental data for insulators
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Figure 4. Calculated phonon-phonon thermal resistivi pr
vs. T/®. Curves show Wp as given by 1= 1. DT x2, 2:
DT4x2, 3&4: DT3X26xp?-®/(XT), with o =2.2 (curve 3) and

5 (curve 4).
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Figure 5. Calculated thermal conductivity A vs. T/@.
@ - defect scattering only, B - phonon scattering only,
V - both mechanisms acting.

usually give o *2.2 [9].

To illustrate this, we define an effective thermal res-
istivity Wpi (i=b,d,e, or p) as Wpi = ()»pi)'l, where 7‘pi
is calculated from Eq. (1) using only one single term 1n
Eq. (2) for 1. Thus, Wp corresponds to the thermal
resistivity that would be observed if phonons were only
scattered by other phonons, such that, for example, rl=
'cpp'l =DT3x2. In figure 4, we show calculated values
for W, vs. T/© using four different expressions for T,y
The “classical" [13] term rpp‘1= DT3x2, the modified

term [1,8,11,12] DT#x2, and two terms DT3x2exp(-©/
aT), one with o = 2.2 as often found experimentally [9],
and one with o. = 5 which gives W pOCT to a very good
approximation at all T. Calculated data are shown for
0<T<20 and normalised such that W,,=1 at T=0.
Experimentally it is observed that W T at high T
and decreases exponentially towards zero at low T, as
Umklapp processes freeze out [9]; of course, only the two
terms containing an exponential strictly show this beha-
viour. Figure 4 also suggests that the reason for the very
good fit to experimental data near T (0.2 - 0.250) ob-
served by Uher and others for 1 =DT4x4 is that this
term is very similar in magnitude to the experimentally
found [9] exponential term with o *2.2 discussed above.

For the electrical resistivity p it is usually assumed that
we can add components due to different scattering
mechanisms, such that p = Pep * Po (Matthiessen's
rule). This is not generally true for the thermal resistivity
W= K‘l, as is easily shown by calculating A from Eq.
(1). Figure 5 shows calculated data for kpd and kp (as
defined above) as functions of T/®, both normalized to 1
at T=0©. In this particular case we used an exponential
term with o = 5 in A,,,; similar results were found using
other parameters. If both phonon and defect scattering
acted simultaneously and Matthiessen's rule were valid,
the total A would be 0.5 at T=0. Carrying out the calcul-
ation using the same values for constants B and D as
before, we find instead A = 0.035, hardly distinguishable
from zero on the scale of the figure. In the corresponding
case with electron-phonon and defect scattering we find
an even smaller A = 0.009. This is not a simple scaling
effect: In the particular cascs studied, the total W can be
very well approximated by the functions Wi, = W,,. +
109W. 0.68 and Wi 2 Wy, + 27.7W;0(;0~53,}1)‘25p-
ectively. Adding defect scattering thus also changes the
slope of W vs. T. If phonon-phonon and phonon-electron
scattering act together, on the other hand, we find
Matthiessen's rule to be approximately valid (to within
about 10%). The presence of even small amounts of
impurities or defects can thus have very large non-linear
effects on the total A and depress its value much more
than naively expected. It is thus not possible to write the
total thermal resistivity W = Wpd + Wpe + W when
strong defect scattering is present, and the recent
analysis of A in 1-2-3 by Yu et al. [14] along these lines
is thus doubtful.

3.2 Analysis of data for 1-2-4

We have fitted Eq. (1) to the preliminary normal-
state data shown in figure 2 for 1-2-4, after subtracting
Ae = LyT/p. We postpone the analysis of the range near
and below T to a later publication [2] and concentrate
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here on the range above 80 K. For the phonon-phonon
scattering we used the exponential modification of the
"classical" term, with a=2.2 as suggested by experiments
on insulators.

Since A decreases more rapidly with increasing T
than in 1-2-3, we would expect that the ratio between the
phonon-phonon and the phonon-electron scattering
terms would be larger for 1-2-4. With the model
discussed above, we find a best fit for ® = 325 K, and
with the parameters B = 3.Ox10‘2, C=213,and D =
6.55x10>. (Boundary scattering was not included in this
model.) A direct comparison with the data for 1-2-3
from Refs. 8 and 11 is made difficult by the different
models used. A simple way to do this, however, is to
calculate the phonon thermal resistivity Wy, using the
above parameters, but putting each separately equal to
zero to see the effect of removing cach scattering
mechanism. This was done by Peacor et al. [13] for
single crystal 1-2-3, with results shown in their figure 3.
Carrying out the same type of analysis, we find that the
phonon thermal resistivities of 1-2-4 and 1-2-3 are limit-
ed by the same mechanisms. Both are completely domin-
ated by point defect scattering at all temperatures. Near
200 K, phonon-phonon scattering and phonon-electron
scattering contribute equally to the total thermal resis-
tivity in both material, as expected, phonon-phonon
scattering gives a larger contribution to Wp near 300 K.

Further measurements are being carried out in the
range close below Ti.. The very small enhancement of A
observed in this range is most likely caused simply by
the approach to the boundary scattering regime, but
further data are needed in order to verify this.
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