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Abstract. The thermal cenductivities of YBaa(Cuj_ Fe,)aO_5 + y% CuQ ceramics for
0 <x <003and § < y < 5 have been measured. The thermal conductivities of all samples
exhibit a minimum in the vicinity of the critical temperature 7. and a maximum near T, /2.
These results are interpreted with the help of an electronic model, j.e. supposing that the main
contribution te the thermal conductivity below T. is due to electron scattering in the CuO»
planes. Within a simple two-fluid model derived from kinetic theory, taking into account
the temperature dependence of the electronic relaxation time and the normal charge carrier
concentration, we obtamn theoretical curves which reproduce the expenimental results quite well.
We alse take into account the porosity of the samples {ir term of an intergrain contribution)
to derive the electronic thermal conductivity. The parameter values of the model and the
ohbserved minimum are explained in terms of physical properties. In particular, the contribution
of superconductivity fluctuattons to the thermal conductivity is shown to be negligible with
respect to other mechanisms.

1. Introduction

The thermal conductivities of high-critical-current-density (J,) superconductors (HISs) such
as YBapyCuzO7_; (YBCO) have been investigated theoretically [1-9] and experimentally
[10-14] in several publications so far; only those which pertain to investigations in
the temperature range encompassing the critical temperature are quoted here. Yet, few
experimental results concerning thermal conductivity in doped YBCO have been published
[14]). We discuss here the thermal conductivities of pure and specifically doped vBCO
compounds from 30 to 200 K. In contrast with the situation in other superconductor ceramics
[1,2], we observe that « decreases as the temperature is lowered below T, presenting an
unusual minimum in the proximity of T and then increases to reach a maximum near T /2.
We interpret these results with the help of the electronic model of thermal conductivity
(5,8, 15], taking into account explicitly the temperature dependence of the charge carrier
concentration and the electronic relaxation time in the same framework as used by Delap
and Bernhoeft [6].

According to this interpretation [5,8,15], the main contribution to the thermal
conductivity structure below T, is due to normal charge carriers, the sign of which is
to be determined from for example Hall and Seebeck coefficients values, or from band-
structure calculations. Indeed, below T, since charge carriers condensing into Cooper pairs
carry no heat, the thermal conductivity is thus ensured by normal charge carriers. Since the
normal charge carrier scattering rate in HISs has been observed to decrease rapidly below
T. [16, 17], x should increase in the superconducting state.
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Much work has been done on untwinned single crystals [5, 15]. However, if the sample
presents structural defects or impurities, free charge carriers are scatiered by these defects
and « should decrease. Therefore, this ‘competition’ between the increase in x due to the
increase in the mean free path of normai charge carriers (related to the superconducting
transition) and the decrease in « due to the prescnce of defects can lead to a minimum in
the temperature dependence of the thermal conductivity.

In choosing Fe as an impurity we also modify the characteristic grain size basic
dimension [18] besides reducing the critical temperature. This has much relevance in the
presence of a magnetic field [14] since there is then competition between the charucteristic
lengths, t.e. the coherence length, the penetration depth, and the typical grain and defect
sizes,

Introducing CuQ as a ‘coating impurity’ should also lead 1o a medification of the mean
free path {even in the absence of a field) but without altering the critical temperature, The
combination of both ‘impurities’ is also of interest in order to observe the gradual variation
in properties between pure or iron-doped samples with and without excess of CuQ, It is
expected on the one hand that Fe is then partially removed from the Fe-YRCO tweeded
grains, consequently modifying T, the mean free path and the intergrain contribution. It is
of great interest to provide a theory which can encompass these varted situations.

2. Experimental results

The samples of YBCO ceramics are purc or contain 3% Fe and 5% CuOQ, respectively, or
both. The samples are all prepared by solid state reactions in the same conditions. The raw
materials Y,03, CuO, BaCO; and Fe; O3 are mixed in an agate mortar for | h. The samples
are then calcined at 930°C for 12 h, reground, sintered at $40°C for 12 h, reground and
sintered again at 920°C for 12 h. For each process, the decrease in lemperature lasts 30 h
in an oxXygen atmosphere.

After each thermal cycle, the samples are characterized by various structural, electrical
and magnetic analyses [19]. X-ray analyses and scanning clectron microscopy show that Fe
atoms are substituted into the superconducting grains, where excess of CuO forms secondary
phases. The AC magnetic susceptibility measurements have then been performed in order
to estimate the critical temperature T¢¥) of the samples (table 1).

Various concentrations of Fe impurities and excess of CuQ have been examined. We
report here only four cases taken from pellets of about 110 mm?* (15 mm x 3 mm x 2.5 mm)
original size with the following symbols. abbreviations and nominal formulae:

Samples 1, YBCO=YBayCu; O, open circles;

Samples 2, YBCO+3% Fe=YBay(CuporFeo0; 307, full circles;

Samples 3, YBC0O+5% CuO=YBa;CuzO7_y + 5% CuO, open triangles;

Samples 4, YBCO+3% Fe+4-5% CuO=YBaz(CupsrFep 3307~ + 5% CuO, open dia-
monds,

No secondary phase except CuQ has been found in samples 3 and 4. The Fe-doped
samples have been much studied elsewhere {14, 18] and found to be homogeneous.

The critical temperatures of these cuprates (see tuble 1) have been estimated by
considering the sharp transition in the thermoelectric power (TEP) at T\S defined at the
inflection point (which is very close to the temperature at which the TEP vanishes) [20] and
carresponds to the superconductivity onset as measured by susceptibility [19]. It should be
noted, however, that the critical temperatures TS and TS) determined from such different
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properties are almost the same. They do not differ for pure and CuO-YBCO samples but
differ by at most 4 K for the Fe— and Fe+CuQ-'doped’ samples (see table 1). Note also
that the nature of the charge carriers {electrons or holes) is determined via the sign of the
TEP [20]. However, the type of charge carrier does not have much relevance here because
equations relaied to the thermal conductivity do not contain the sign of the charge carriers.

The shift in T; between the pure YBCO and the Fe-doped samples and samples with
an excess of CuQ is consistent with literature data [21,22). The shift is of the order of
10-15 K for 3% Fe with respect to the CuQ content. It is remarkable that the Fe-doped
samples with extra CuQ present a higher T;. This is probably due to the ‘absorption’ of
Fe by CuQ inclusions which depopulate doped YBCO grains from the substituted Fe-doped
grains.

The thermal conductivities of these samples have been measured using a precise and
sensitive simultaneous method [23]. We have developed the instrumentation using a steady-
state method over the range 4.2-300 K and we have chosen the ‘longitudinal heat flow'
method. The temperature gradient on the samples was about 2.5 K ecm™'. The technique
is briefly described in the appendix. The resulting data are shown in figure 1. We observe
that the value of « at its peak, i.e. k(T./2), decreases from about 13 to 4 W m~! K as the
samples are doped with Fe and with excess CuO or both. These ‘tmpurities’ thus act as extra
dcattering centres in YBCO grains but also at intergrain boundaries. The thermal conductivity
of these samples exhibits a2 minimum near 80-82 K except for the sample containing some
excess CuQ only (see figure I, open triangles) which presents a small minimum above the
critical temperature, near 95 K. Note that the critical temperature transition is (@ posteriori)
marked by a break which occurs in the slope of «(T). In the normal state, the thermal
conductivity presents a smooth decay sometimes with some structure (pure, Fe-doped and
Fe+CuO-doped samples) near 120 K, in contrast with the CuO-YBCO composite sample
for which « smoothly increases above T..

15 T
o  YBaCuO
®  YBaCuO+3%Fe
o, & YBaCuO+5%Cud
© ° YBaCuO+3%Fe+5%Cu0
10
<
E
.
2
b 5
0 I L 1
0 50 100 150 200

T (K)

Figure 1. Thermal conductivity of different pure or deped YBCD ceramics versus temperature.
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3. Theoretical analysis

We follow the idea that the contribution to the thermal conductivity in such well oxygenated
YBCO can be separated into a phonoen term «; and an electronic term «.; the main structure
is, however, thought to arise from an electronic origin [5,8,15]. In order to derive the
electronic contribution to the thermal conductivity of these samples, we use the following
method. First, we fit the normal-state thermal conductivity above 7, up to 2T, with an
expression for the phonon contribution k;, supposed to eriginate in umklapp processes [24]:

o\’
= (?) M
where Tp is the Debye ternperature of the order of 300 K [25] and is therefore fixed at that
value here.
In order to take into account the granularity of the samples, we also consider the

contribution «,, from grain boundaries (intergrain contribution) to the thermal conductivity.
According to the percolation model [26], the latter contribution is given by

_ t
“ab =«F (?'— QQ:)

where © = 1—TII with IT the porosity, Q. is the percolation threshold, ¢ a critical exponent
and F the relative area of the contact spot in sintered samples. The porosity of our samples
is estimated to be 10% (I1 = 0.1). Taking F = 0.73, ¢, = 0.12 and ¢t = 2 [26], we obtain
Kkgp = 0.59 leading to an intragrain contribution x); = & — kg, = O.41«. This intragrain
contribution is then supposed to be the sum of an electronic contribution and a phonon
contributicn:

2)

The normalb-state electronic thermal conductivity «7 is estimated with the help of the
Wiedeman-Franz law (WFL)

kP =LooT (4)

where Ly = 2.44 x 10~% V2 K~2 is the Lorentz number [24] and o the electrical conductivity
which is linear with 7-! in the normal state of Hiss. Using electrical conductivity data for
these kinds of sample [19) (taking the porosity also into account), we obtain from the WFL
a constant 2 lying between 0.5 and 1.2 W m~! K~' (see table 1),

Fits to the data for T > T, using equations (1}-(4) are shown in figure 2, with u, v and
#«,-values given in table 1. Note that the v-values are much smaller than unity.

Then, like Yu et al [5, 8], we suppose that «p is not much affected by the superconducting
transition, assuming that there is no drastic change in the phonon spectrum below 7.
Therefore, the electronic part of the thermal conductivity in the superconducting state is

given by
T v
K;=x;g_ﬂ(?°). )

Note that the value of ) given by the wrL (4} affects the magnitude of « and not its
temperature dependence. Indeed, if the value of « is altered, e.g. if the WFL does not truly
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Figure 2. Intragrain contribution te the thermal conductivity versus temperature with the same
symbols as in figare |1 — -+ - —, derived phonen thermal conductivity «, from equation (LY},
— » —, derived electronic thermal conductivity x from the wrL law (equation (4)); , sum
of the electronic and phonon contributions to the intragrain thermal conductivity (equation (3)).
The fitting parameters are given in table [.

hold, the magnitude of x; should just be shifted according to equation (3) and consequently
to equation (1); this should modify the value of the parameter ¢ only and not v. Then,
following equation (5), only the magnitude of ¢ is also modified.
‘We have then used a well known formula derived from kinetic theory for the electronic
component of the thermal conductivity [27]:
2 2
= D2

(T) (6)

where n.(T) is the concentration of normal charge carriers of effective mass m* and (T)
is the temperature-dependent electronic relaxation time,

We consider a two-fluid model in which condensation of charge carriers occurs below T,
and supposing that charge carriers are fully condensed into Cooper pairs at zero temperaturc
[15,28]. We write the temperature dependence of normal charge carriers as [29]

ne(T) = ncexp (%p) (7N

where n, is the density of charge carriers at the critical temperature, i.e. of the order of
10% electrons m~? [25] and A(¥) a temperature-dependent energy gap. We write the
temperature cdependence of the gap as [29)

m*

T.-T
T

ATY = xkaTe ®
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where y = A(0)/kgT.. The temperature dependence of the normal charge carriers using
equations {7) and (8) is shown in figure 3 for different values of the parameter x.

1.0 1027 ’ '

A=05 —---— y=15
f
7510% | = = =l wmemeeen X2 7]
"
< 5.010%} .
(]
1 H]
=
2510%} }
0
C 1

T/T
c

Figure 3. Normal electron density n, as a function of reduced temperature in the complete
condensation model (equations {7) and (8)} for different x-values. The vaiue of n. is chosen to
be 1077 electrons m™3,

The electronic relaxation rate is given by the semi-empirical model of Delap and
Bernhoeft [6]:

7.\? T.— T\
'Ee(T)zo‘-'(‘IT) +ﬁ( T. ) )

where the first term represents the electron—-electron relaxation time in a Fermi liquid [30]
and the second term takes into account the increase in the relaxation time of normal charge
carriers cbserved in HJSs due to fluctuations [31]. The theoretical behaviour of T, is presented
in figure 4 for different values of the parameter ¢ and the ratio 8/¢.

Theoretical curves of «; obtained with the help of the above equations (6)—(9) are
shown in figure 5 for the fitting parameters given in table I, and with m* = 4mq (where
my is the free-glectron mass), 7. = 3 x 10%" electrons m~* and Tp = 300 K [25]. Fits
to the experimental data below T; are quite reasonable. The overall shape of the thermal
conductivity is well reproduced for such systems with different 7; and doping conditions.
The minimum is reproduced and the maximum at T;,/2 is obtained.

4. Discussion and conclusion

We have analysed the thermal conductivity of several YBCO ceramics, both pure and doped
with Fe or CuO and with both impurities, We have interpreted the behaviour of x using
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Figure 4. Normal electron relaxation time 1. as a function of reduced temperature according to
equation (9) for different values of the critical exponent ¢ and the ratio /8.

an electronic model taking into account the complete condensation of charge carriers at
zero lemperature and the rapid rise in the electronic relaxation time below 7., We have
considered an intragrain contribution to x supposed to be due to electrons and phonons as
well as an intergrain contribution arising from grain boundaries. Note that we should have
obtained negative values for « if we had ignored the latter contribution,

Fits to the data are quite reasonable with a value of the parameter ¢ close to 4 {we
have imposed the theoretical constraint that £ be an integer) for the fluctuation-like term in
the relaxation time except for the ‘dirtiest’ sample doped with Fe and containing an excess
of CuQ in which { = 8. These values have to be contrasted with that found (¢ = 2) for
an untwinned YBCO single crystal in a previous report [15], indicating that the temperature
behaviour of the fluctuation is usually affected by the textare or the granularity of the sample
as in electrical resistivity data [31-34]. Hence £ is a measure of the defect structure of the
sample [35].

The values of « and 8 lead to a relaxation time of the order of 10~!* s. Note that
the fluctuation contribution to the relaxation time is negligible with respect to the electron—
electron scattering mechanism in the vicinity of T; (0.8T, < T < Tt). Note also that, in this
model, 7. is supposed to increase indefinitely for T — 0. A more exact theory would need
to take into account the leveling off of 7. at low temperatures. It is immediately obvious
that &, would then decrease towards some residual value consistent with the uncondensed
carriers at low temperatures.

¥ represents the ratio of the energy gap A(0) at zero temperature to T; and leads
to zero-gap energies lying between 5 and 25 meV comparable with values found irom
diffusivity measurements (A0 =~ 15 meV) [36] and infrared spectroscopy measurements
{A(Q) ~ 20 meV) [37]. The value of v is quite unusual since the phonon umkiapp process
should lead to v = 1. This disagreement with respect to such a classical theoretical value
may be due to granularity [38], porosity [39] or impurity effects. Similarly the value of p«
has not been theoretically estimated.



Thermal conductivity of YBasz Cu; O _s 6313

o {5}

(a) 1.5k

¥, (wim K}

% (wm K}

0.5F

TR

0.5 T T

0.4F {=t

03 4

{wim K}
K fwim K}

[}

0.2r

L
]

T (K) : T {K)

Figure 5. Temperature dependence of k§ and calculated fits taking into account the temperature

dependence of the carrier density and the carrier relaxation rate according to equations (8)—(9)

for n, = 3 x 10%7 elactrons m™3, m* = 4my and Tp = 300 K with the same symbols as in

figure 1. The best fits (——) are for parameters given n table | with correlation factors (a)
R =097, (b} R=0599, (¢} R =0.94 and (d) R = 0.95. For the (¢) and {d)} cases, the curve
¢ =4 is shown by a broken line.

Finally, it is worth stressing that the minimum in x near T; is well reproduced in our
theoretical model., From the above, it can be seen that the minimum occurs because of
the competition between the charge carrier relaxation time and the temperature variation
in the number of carriers. In the case of inhomogeneous systems indeed, the Gaussian
fluctuations in the order parameter (or A(T)) are much damped and occur in a region near
T. where n. is thus varying greatly (see figure 3 for large x) in contrast with T. which is
then quasi-constant. This observation is in full agreement with the fact that in pure systems
[4,5] no minimum is seen near 7. It is thus noted here that the thermal conductivity is an
interesting test of the ‘cleanness’ or ‘dirtiness’ of superconducting ceramics.

Note that, in the normal state, # decreases for pure and Fe-doped YBCO (with or without
an excess of CuQ) while « increases for the YBCO+5% CuO sample. In fact, above T, the
temperature dependence of the phonon contribution «p is determined by the ‘competition’
between electron-phonon scattering for which « increases with increasing temperature [1],
and phonon—phonon umklapp scattering for which « decreases [4]. As the YBCO+5% CuO is
a quite well oxygenated system, k, may be essentially limited by electron—phonon scattering
and « should then increase above T, in agreement with experimental data.

It is in order finally to contrast here the present results with those which sheuld be
obtained in the ‘phonon model’ [40] in which a minimum (but in the form of a break in
slope) occurs just at T, and is thus followed by a rising curve above T,. It seems unlikely
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that the ‘phonon model’ could iead to a minimum below T, (except for strange parameter
values),
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Appendix

We have used a highly sensitive method for simultanecusly measuring the thermal
conductivity and the TEP of solids. The method has been used in several cases [14,41,42].
We have thereby proved the sensitivity of the method with respect to losses by radiation and
convectivity and ensured that residual temperature and potential differences are taken into
account. Thus the ‘best conditions’ for thermal conductivity measurements are realized.
The thermal conductivity has indeed been shown to be highly sensitive to experimental
conditions [41, 42], the less so for the TEP [23].

In the present case, we have developed the instrumentation using a steady-state method
over the range 4.2-300 K. We have chosen the ‘longitudinal heat flow' method [43], in
particular searching for an ‘absolute’ measurement of k. According to the type of sample
which is available (either bars or discs), we can in fact choose between a rod or a plate
‘absolute method’ {43].

The quasi-steady-state method has been chosen in order io monitor the physical
quantities of interest as precisely as possible in the vicinity of a phase transition, in a
regime when for example quasi-equilibrium conditions have to be reached [42], Having
rod-like samples, we imposed strict conditions of minimal thermal losses by conduction and
radiation. The experimental chamber contains basically two heat sinks and two radiation
shields [23]. The vacuum condition was 5 x 10~7 Torr. The radiation shield around the
sample and its heater H, were controlled by 2 secondary heater Hp.

The cold sink (CS) temperature is kept constant at a set-point temperature by an electrical
heater Hz. The ¢S temperature T is measured with a silicon diode DT-471. The difference
between the set point and the CS temperature is then calculated by the temperature controller,
and a proportional power is then supplied automatically by this controller in order to re-
equilibriate the temperature,

A Pt resistance thermometer is used to measure the temperature of the hot sink (HS),
or ‘sample holder’, in the range 80 K « T <« 300 K. Below 80 K, the HS temperature
is measured with a carbon—glass (CG) resistor. Both thermometers are glued by Apiezen
grease into two holes bored into the HS. Both thermometers were calibrated by Lake Shore
Cryotronics, Calibrated copper—constantan (Cu~Ct) thermocouples were used to measure
the temperature differences. The wires 15 cm long and 0.08 mm in diameter are thermally
anchored at the HS and also where the cold junction of the thermocouples is located. The
hot junctions are fixed by electrical discharge on thin pure Cu plaquettes and fixed on the
sample by indium soldering, The errors dug to the thermal resistance between the sample
and the thermocouple are estimated to be 0.02 K.

The DC through and the voltage drop across the sample heater Hy are measured with
great accuracy; the current (usually between 15 and 40 mA) is measured through a calibrated
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resistance while the voltage drop is measured by a four-probe method with several current
reversals. The eirror on the supplied power to the sample through this heater is less than
1%.

The temperature difference between the cold end of the sample and a radiation-
compensating heater Hy is measured with a differential Cu~Ct thermocouple. The larger
this difference the greater is the heat loss through radiation from the sample. To reduce
such a loss, the computer switches on the heater Hy which is connected to a programmable
current source and adjusts the convenient power to bring back the temperature difference
to the minimum, i.e. to a few millikelvins.

Note that, to reduce the thermal resistance between the sample and the MS, the sample
cold end either is fixed by an indium solder point inside a hole of the HS or is soldered on
the HS top (depending on the sample length, be it long or short, respectively).

The hot thermocouple extremities are spot soldered on a thin (about 3 mm? in area) Cu
plaquette on the sample. The thermocouple positions are not joined of course. Voltage drop
wire extremities are soldered on the Cu block HS for which the temperature is maintained
by a feedback system through a secondary heater. The wires are wound on the copper
block sample holder for thermalization. From the Cu block and extremities, Cu wires lead
to precision nanovoltmeters at ambient temperature.

When H; is switched off (@ = 0), the temperature difference AT across the sample
should be zero. Unfortunately, in practice, there always remains some finite residual voltage
between the wire extremities. This implies a residual temperature difference A7, (Tp), and
a residual heat flow in the sample, which is of variable sign [23]. In the data acquisition
and subsequent analysis, we do take into account these residual temperature and potential
differences on the sample before employing a heat flow.

The thermal run then goes as follows: we stabilize the C$ temperature through the
regulation Hy. Some heat flows into the sample through the sample holder, thermocouples,
heater H;, surrounding, etc, and introduces some ‘residual potential difference’ V; (less than
500 nV). All the ‘residual’ V;-values are measured in the steady state. They correspond to
some ‘residual temperature difference’ (less than 0.3 K in this work—a maximum which
is reached at room temperature). The temperature difference across the sample is then
applied (during a pre-programmed time decided upon at the beginning of the experimental
run). This difference varies between 2 and 3 K. After the steady state has been reached,
new V;-values are then measured, and the calculations of T, AT and « are made, For
the latter, we use the differential Fourier equation for the thermal conductivity «(T) for a
one-dimensional heat flow Q(T) (i.e. the power input from H;) through a ‘linear’ sample
of length L (and section §) measured berween the thermocouples in a thermal difference
AT(T), i.e. we use the steady-state solution

o) _ . AT(D)

S «(T) 2 (Al)

where the value of AT(T) is measured taking into account the thermocouple voltage values
at the appropriate temperatures.
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