
(13) i s  used. 
2 ) ~ s  one of the possible states that must be taken into account 

in the dipole excitation of electrons in a magnetic field, i t  is 
also necessary to consider the state 

However, the matrix element for the exciting alternating 
field eE,r/ cos p between the s ta tes  9oo and vanishes: 

a s  a resul t  of integration over r .  
3'We a re  dealing with information obtained under the conditions 

rl1>>r (see (19b)). 
4)~ctua11y, a definition of Aw lower by a factor of two than Aw 

in (30) i s  used in the calculation of Aw, in order that the val- 
ue of Aw in the region n, < n: coincide with the value of Aw 
from (26) and not with the classical  resul t  (18a). 
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Results are presented of measurements of the thermal conductivity of perfect and of plastically deformed 
crystals of pure lead (certified 99.9999% Pb) in the normal and superconducting states in the 
temperature interval 0.6-7.5 K. Judging from the thermal conductivity in perfect crystals of 2 4  mm 
diameter in a zero magnetic field, the maximum phonon mean free paths are limited by scattering from 
the surface, and the maximum electron mean free paths are limited by scattering from impurity atoms. In 
a strongly deformed sample at temperatures T - 1 K the quasiparticle free paths are limited by scattering 
from dislocations, and the principal role in the phonon thermal conductivity is played by the flutter 
effect, i.e., scattering of phonons by vibrating dislocations. At temperatures T >  2 K the phonon and 
electron mean free paths are limited by the mutual scattering of the quasiparticles. A comparison of the 
experimental data with the predictions of the theory of thermal conductivity of pure supemnductors 
shows that the behavior of the phonon component of the thermal conductivity agrees in practice with the 
theory, while the temperature dependences of the thermal conductivity of the electronic component differ 
substantially from the theoretical ones. 

PACS numbers: 74.30.Ek. 74.70.Gj, 72.15.Eb, 72.15.Qm 

1. INTRODUCTION 

T h i s  work  is a continuation of a c y c l e  of s tud ie s ,  
init iated by  u s  earlier,'-$ of k ine t i c  phenomena i n  p e r -  
f e c t  bulky c r y s t a l s  at low t e m p e r a t u r e s .  Such invest i -  
ga t ions  are e s s e n t i a l  f o r  a b e t t e r  unders tanding of the  
role of v a r i o u s  relaxation m e c h a n i s m s  of exci ta t ion and  
of ene rgy- t r anspor t  m e c h a n i s m s  in  p e r f e c t  c r y s t a l l i n e  
s t r u c t u r e s  at low t e m p e r a t u r e ;  t hey  are also of i n t e r e s t  
f r o m  the  point of v iew of u t i l i t a r i an  material s tudy,  a n d  
c a n  s e r v e  as a b a s i s  f o r  the product ion of c r y s t a l s  with 
speci f ied  physical  p r o p e r t i e s ,  f o r  t h e  development  of 

phys ica l  me thods  f o r  the a n a l y s i s  of highly pu r i f i ed  
m a t e r i a l s ,  etc. T h e  ob jec t s  of t he  p reced ing  m e a s u r e -  
m e n t s  w e r e  so l id  h e l i u m  a n d  b i smuth ,  a n e a r l y  pe r fec t  
d i e l e c t r i c  a n d  semimetal, r e spec t ive ly ,  with low car- 
rier dens i ty  p e r  a tom) ,  w h o s e  t h e r m a l  conduc- 
t iv i ty  at he l ium t e m p e r a t u r e s  is d e t e r m i n e d  by  t h e  re- 
laxat ion p r o c e s s e s  i n  the  phonon s y s t e m .  It w a s  na tu ra l  
to choose  as the nex t  object  a supe rconduc to r ,  s i n c e  
t h e  thermal conductivity of a supe rconduc to r  in the  
n o r m a l  state, jus t  as that  of a n o r m a l  me ta l ,  is d e t e r -  
mined  ma in ly  by  the  e l e c t r o n i c  componen t  x,", while  in 
the  supe rconduc t ing  state at T << T, it is d e t e r m i n e d  
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by the phonon (lattice component xi ,  since the number 
of electronic excitations decreases exponentially with 
decreasing temperature. Thus, from the results of 
measurements of the thermal conductivity of the super- 
conductor it is possible to assess  the properties of 
both the electron and the phonon system separately. 

Particular interest attaches to superconductors with 
strong electron-phonon coupling, such as  lead, mer- 
cury, or niobium, which have a relatively high critical 
temperature T, and a low Debye temperature 8 (T, 
-7.199 K and O (0) =I00 K in lead, and Tc/8 =0.08, 
whereas e.g., in aluminum TJ8 =0.003). The phonon 
component of the thermal conductivity of these 
superconductors becomes equal to the electron com- 
ponent x: already at T c  0.7T, Since the maximum 
phonon thermal conductivity in a dielectric is observed 
a t  T,,,/8 0.03, it is clear that the maximum of pho- 
non thermal conductivity in lead should lie below T, 
at  T,,,/TCc0.3, inasmuch a s  allowance for  phonm- 
electron scattering can only lower the point T,,,. 

It is thus clear beforehand that near T, the electron 
component predominates in the thermal conductivity of 
lead, the effective transport mean free paths of the 
electrons a re  limited by electron-phonon scattering, 
and when the temperature is lowered the phonon com- 
ponent becomes predominant in the superconducting 
state. From the results of the measurements one can 
assess  both the effectiveness of the mutual scattering 
of quasiparticles of various sorts by one another, and 
the scattering of the phonons and carr iers  by impurity 
atoms and lattice defects of one and the same sample, 
i.e., superconductors with tight binding offer unusual 
possibilities for the study and comparison of thermal- 
excitation relaxation mechanisms simultaneously in 
the phonon and electron systems of the investigated 
metal. 

The thermal conductivity of lead samples at low tem- 
perature was investigated many times previously. A 
detailed resume and summary plots of the results of 
various workers are  given in Ref. 4. It was shown that 
at temperatures T < 5 K in a zero magnetic field the 
thermal conductivity of lead is determined mainly by the 
phonon component xi. It was regarded a s  natural that 
below T,,,, a t  temperatures T c 2 K, the principal re- 
laxation mechanism is the scattering of the phonons by 
the sample surface, while a t  T > T,,, it is  the scat- 
tering by electronic excitations or  impurity atoms. 
However, the maximum values of cited by various 
workers differed noticeably and were several times 
lower than those calculated under the assumption that 
the phonons a re  scattered by the sample surface, while 
the temperature dependences of x;(T) near G,, varied 
substantially from sample to sample and could differ 
strongly from the cubic dependence typical of boundary 
scattering. A comparison of the temperature depen- 
dences of the thermal conductivity x i  of lead crystals 
above T,,,, with the predictions of the theory was never 
made before. The highest values of the electronic 
thermal conductivity x: were also different in the dif- 
ferent papers. 

We have investigated the behavior of the thermal con- 

ductivity of lead crystals made of S-000 and S-0000 
metal (certified purity6 99.9996% and 99.9999%) from 
the Chirnkent lead plant, in the temperature interval 
0.6-7.5 K and in the normal and superconducting states. 
Some of the measurement results a r e  given in Refs. 1, 
6, and 7 (the plot in the abstracts7 does not indicate the 
ordinate scale for the electron mean free paths in lead). 
The maximum values of the thermal conductivity in the 
superconducting state of our samples were almost 
twice a s  large than those previously cited by others, 
and the difference of T -0.6 K exceeds one order. of 
magnitude. The measurements have shown that in per- 
fect samples with average diameters d =0.4 and 0.2 c m  
the thermal conductivity US, below T,,,, i s  indeed pro- 
portional to dT3 and is close to the calculated value, 
i.e., the effective transport ranges of the phonons a t  
T i  2 K a r e  limited by the scattering from the sample 
surfaces. At the same time the electron ranges in the 
normal state, calculated from the thermal conductivity 
xl, a r e  much lower than the characteristic dimensions 
l:<<d and a r e  limited by scattering from the impurity 
atoms. The ratio of the room-temperature and residual 
resistances, calculated from the thermal conductivity 

exceeded 35 000 for the better samples. 

A comparison of the experimental data with the pre- 
dictions of the theory8-l2 has shown that the results of 
different calculations of the electronic thermal con- 
ductivity x:, of a pure superconductor, which i s  de- 
termined by the scattering of the electronic excitations 
from the phonons, differ noticeably from one another 
and do not agree with experiment: the theory predicts 
a weak change or  even a growth of x:# with decreasing 
temperature near T,, while the experimental relation 
is close to x: a T3. At the same time the temperature 
dependence of the phonon component x i ,  in phonon- 
electron scattering in a superconductor, calculated 
from the equations of ~ e i l i k m a n  and K r e ~ i n , ~  agreed 
practically with the curve calculated from the experi- 
mental data. The phonon thermal conductivity of lead 
nFe =2.5. 10-SF W/cm K, obtained using the approxi- 
mation T = T C  in the normal state, is  close to that pre- 
viously calculatedzs from the results of the measure- 
ments of the effect of impurities on the thermal con- 
ductivity of lead. 

We note that despite some differences between the 
models, the functions up,(?) predicted by the theories 
of Bardin et alo8 and of Geilikman and Kresing a re  close 
to each other. In both papers they neglected the mutual 
dragging of the quasiparticles, an assumption apparent- 
ly close to the real situation (the electron mean free 
paths a re  small and a re  limited by the strong scatter- 
ing from the impurity atoms). 

Interest attaches to the results of investigations of 
the influence of plastic deformation on the thermal 
conductivity of lead crystals. In all cases the tem- 
perature dependence of the electronic thermal con- 
ductivity in the normal state below 'I;,,, was not altered 
by deformation, but the phonon thermal conductivity 
changed appreciably a t  T c T,,, : the plot of xi(T) of 
deformed crystals was always steeper than in the init- 
ial crystals. Thus, for a sample plastically deformed 
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in tension by 0.4%, a t  various temperatures, the x;(T) 
dependence turned out to  be close to x: J: T5 in the 
region 2KZ- T Z- 1 K and a t  0.9 2 T 2 0.6 K it was closer 
to x l a T S .  This behavior must be attributed to a mani- 
festation of the flutter effect, i.e., scattering of pho- 
nons by dislocations that "vibrate" in the s t ress  field 
of the phonon incident on the d i s loca t i~n . '~"~  Moreover, 
it was shown in Ref. 16 that the natural frequencies of 
the vibrations of the split dislocations in lead equal 
0.15 xlOll Hz, and in our experiments the change of the 
slope of the xS,(T) curve of the deformed sample occurs 
a t  T ~ 0 . 9  K (the frequency of the thermal phonons that 
dominate at the temperature T is u =To 10" Hz). 

2. EXPERIMENT 

A. Sample preparation 

The samples were made of pure lead of brand S-000 
and S-0000 from the Chimkent lead plant. According to  
the plant certificateS the impurity contents a r e  less than 
lo-' and %, respectively. The sample preparation 
is described in detail in Ref. 17. The metal initially 
molten in a quartz funnel'in a vacuum of mm Hg 
was poured through a thin aperture in a dismountable 
graphite mold with a cylindrical channel of diameter 
2.5 or 6 mm and of length 80 mm, mounted vertically 
under the vacuum bell. The cylindrical sample was 
extracted from the mold, placed in a horizontal quartz 
vessel whose inner surface was roughened and covered 
beforehand with a thin carbon film, and the freely ly- 
ing piece was subjected to multiple zone recrystalliza- 
tion in vacuum (the width of the molten zone was -2 
cm). The sample prepared in this manner had an oval 
cross section with axis ratio from 1 :1.5 to  1 :2. The 
freshly prepared sample had a mirror-smooth outer 
surface, which did not become dull after several days 
in air. The crystals were not oriented, inasmuch a s  
the crystals with fcc structure were sufficiently iso- 
tropic. Since the thermal conductivity of the S-000 
lead samples was close to that of the better of the pre- 
viously investigated  crystal^,^ the principal measure- 
ments, after debugging the procedures of sample grow- 
ing and mounting the crystals in the apparatus, were 
made on samples of S-0000 lead, and the highest ther- 
mal conductivity in the normal state was possessed by 
samples prepared of metal of the same brand from the 
Collection of Pure Metals of the USSR Academy of 
Sciences. This points to the possibility and need of fur- 
ther increasing the chemical purity of the lead (we re- 
call that in the better of aou samples the electron 
ranges were l l i  cm). 

B. Construction of instrument 

Two measurement runs were made. At first, during 
the course of developing the technique of sample prepa- 
ration and thermometer and heater mounting, the mea- 
surements were made in the temperature interval l .3- 
7.5 K, while the copper cold finger, to which the sam- 
ple was soldered, was cooled directly by liquid helium. 
In the second run, in which the cold finger was part of 
the copper vessel with the He3, the working interval was 
increased to 0.6 K. In both cases, the samples were 
placed in a pan inside the metallic vacuum chamber, on 

the outside of which a superconducting solenoid cooled 
with liquid helium was placed. The solenoid made 
possible measurements in longitudiaal magnetic fields 
up to  0.5 T (the transverse field component was c0.05 
of the longitudinal one). To eliminate the influence of 
the frozen-in field on the thermal conductivity, the 
measurements were f i rs t  made without a field, and then 
repeated in a magnetic field (usually H=0.09 T). 

The vessel, made of a longitudinally cut segment of 
thin-wall stainless steel tubing of 10 mm diam. X0.3 
mm, was fastened with silver solder to the end of the 
cold finger. In the f i rs t  experiments the samples were 
soldered to the cold finger, using a soldering iron or a 
burner and PCB-60 solder, after which two thermo- 
meters and two heaters were soldered to the sample. 
Measurements have shown, however, that the sample 
s o  mounted could be easily deformed both during the 
assembly and during the cooling of the setup-owing to 
the difference between the expansions of the lead and 
of the stainless steel. The assembly procedure was 
therefore improved. The surface of the vessel was 
f i rs t  covered with a thin teflon film that insulated the 
sample from the vessel and allowed it to slide freely 
over the surface when the instrument was cooled. The 
sample was inserted in the horizontally mounted vessel 
flush against the end face of the cold finger. The 
thermometers and heaters were placed in the vessel 
in such a way that the tinned copper strips connected 
t o  them were freely located on the upper surface of the 
sample. The strips and the end face of the cold finger 
were tinned beforehand with easy melting solder and 
covered with a layer of flux, s o  that when the entire 
structure was gradually heated to the melting point of 
Wood's alloy the sample became soldered to the cold 
duct and the strips were simultaneously soldered to the 
samples. 

The thermometers were 10G, 1/8 W Allen-Bradley 
carbon resistors tightly wrapped with copper foil glued 
with epoxy resin. The wire-wound heaters of 100-Si 
resistance were made of constantan wire wound and 
glued on a copper foil s t r ip  10 mm wide. The thermo- 
meters were calibrated against the vapor tension of 
liquid helium and against the superconducting transition 
point of the lead. Typical values of the temperature 
difference were 0.003-0.01 K and were measured with 
accuracy not worse than *5%. To improve the accuracy 
of the reading a t  a given point, the measurements were 
repeated at several different temperature gradients. 
The effective cross  section area  of the sample was 
estimated from the electric resistance of the sample 
section between the thermometers a t  room tempera- 
ture, s o  that the absolute values of the thermal con- 
ductivity were known with accuracy not worse than 
*lo%. Since a law-melting-point alloy was used for 
soldering, the sample annealing temperature could not 
exceed 50" in this run. The measurements have shown 
that for a practically complete annealing of weakly 
deformed samples it was sufficient to keep the samples 
a t  this temperature for one day. To this end, without 
dismantling the apparatus, we poured into the nitrogen 
dewar hot water whose temperature was maintained 
a t  50-60 "C. 

37 1 Sov. Phys. JETP 50(2), Aug. 1979 L. P. Mezahov-Deglin 371 



C. Measurement results by impurity atoms). 

In the first  run of experiments the differences be- 
tween the temperature dependences of the thermal 
conductivity of our samples were in good agreement 
with the scatter of the thermal conductivities of pure 
lead samples a s  measured by different  worker^.^ Our 
experiment has shown that in the normal state the 
maximum thermal conductivity of the samples was 
practically independent of their dimensions o r  mount- 
ing methods, was changed little by plastic deformation 
a t  room temperatures, and was determined mainly by 
the chemical purity of the initial metal and by the ap- 
plied magnetic field. In a field H =0.09 T the maximum 
values of the thermal conductivity were 30-50 ~ / c m .  K 
for S-0000 samples from different batches, and 20-25 
W/cm. K for 5-000 samples, i.e., the decisive factor 
in the normal state is the electronic component x," 
and the maximum electron ranges a r e  limited by scat- 
tering by impurity atoms (charged centers). 

In the superconducting state, the thermal conductivi- 
ty and its temperature dependence a t  temperatures 
near and below the maximum of the thermal conduc- 
tivity could vary significantly from sample to sample 
atequal purity-they depended on the mounting method 
and on the sample dimensions, were changed several- 
fold by deformation and subsequent annealing, but de- 
pended little on the chemical purity of the metal, i.e., 
the maximum thermal conductivity and its temperature 
dependence for the superconducting samples were de- 
termined mainly by the phonon component n: (the pho- 
nons a re  scattered much more strongly than the elec- 
trons by the crystal structure defects, and more weakly 

FIG. 1. Influence of applied magnetic field, of the crystal 
quality, and of the mounting conditions on the thermal con- 
ductivity of samples in the normal state (curves 1, 2) and In 
the superconducting state (curves 3-7). Curves 1, 2-pard- 
lel fields H=0.09 and 0.24 T; 3, 4-sample of S-0000 lead 
after one day's annealing at 50°C and prior to annealing (sam- 
ple diameter 6 mm); 5, 7-samples of 2.5 mm diameter of 
S-0000 and 5-000 lead, respectively; 6-4-000 sample of 
6 mm diameter and deformed in the course of mounting. 

Some of the results obtained in the f i r s t  run a r e  
shown in Fig. 1. Curves I and 2 illustrate the change 
of the thermal conductivity u: of a cylindrical sample 
of diameter d= 6 mm made of S-0000 lead with increase 
of the longitudinal magnetic field from 0.09 to 0.24 T. 
Curves 3-7 show the temperature dependence of the 
thermal conductivity of various samples in the super- 
conducting state. At the very lowest temperatures 
(T 1.5 K, T/T, s 0.2) the thermal conductivity of our 
better samples was several times larger than n:  of the 
previously investigated crystals4 and was close to the 
calculated phonon thermal conductivity of a crystal 
having the same diameter. However, the temperature 
dependence of n: a t  temperatures below the maximum 
of the thermal conductivity of various samples varied 
in the range n: = T3 - T S  and not in the expected n; 
a Tn with ns 3, which is typical of phonon scattering 
from the surface of a single-crystal sample o r  from 
individual defects in the interior of the ~ r y s t a 1 . l ~ " ~  It 
is seen from Fig. 1 that not only the dimensions but 
also the mounting method could influence substantially 
the behavior of the thermal conductivity x i  of the lead 
samples, therefore all  the subsequent measurements 
were made on samples mounted in the apparatus in the 
same manner (gradual heating and cooling, soldering 
with soft solder, placement on a teflon substrate that 
allowed the sample to glide freely over the substrate 
with changing temperature). 

The influence of the deformation a t  room tempera- 
tures and of the subsequent annealing on the thermal 
conductivity of one and the same sample in the super- 
conducting state is illustrated in Fig. 2. Curve 1 shows 
the thermal conductivity of one of the better samples 
with dimensions 4X6x75 mm, curve 2 the thermal 
conductivity of a sample with dimensions 3.7 x6  X60 
and having the same purity, but from a different batch, 
and curve 2' the same sample but platically deformed 
by flerure (the f ree  end of the sample was bent 4 mm 
after the measurement cycle and then again pressed 

FIG. 2. Comparison of the behavior of the thermal conduc- 
tivity %#of samples having close values of the thermal con- 
ductivity in the normal state (curve 4): 1-sample of S-0000 
metal from the Metal Collection of the USSR Academy of 
Sciences. 2-sample of commercial S-0000 metal, 2' -the 
same sample deformed by flexure at room temperature, 3- 
sample investigated by Montgomery.13 
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against the vessel). After annealing this sample for 
one day a t  50 OC, its thermal conductivity x f  coincided 
with the initial one (2). Curve 3 shows the thermal 
conductivity obtained in Ref. 13 a sample having nearly 
the same dimensions. The plots of the thermal con- 
ductivity %," in the normal state a r e  practically the 
same for all three samples a t  T >  4 K (curve 4). The 
deformation produced a small change (less than 10%) 
in x:. 

In the second run of experiments, the running tem- 
perature interval was extended to  0.6 K, and in addition 
we attempted to determine the influence of the deforma- 
tion a t  low temperatures on the thermal conductivity of 
a perfect crystal. To this end, after performing the 
cycle of measurements on the perfect sample, its free 
end was soldered with low-melting solder to the vessel. 
The sample, 60 mm long and with cross  section 3.5 
X 7  mm, was fastened a t  two point a t  the ends of the 
crystal. Since the stainless-steel vessel contracts 
much less when cooled than the lead crystal, the sam- 
ple cooled from room temperature t o  that of liquid hel- 
ium was plastically deformed-it was elongated by 
-0.4%, judging from the data of the momgraph of 
Corrucini and Gniewek.l9 This estimate is close to  the 
degree of deformation calculated directly from the sag 
of the sample (when heated to room temperature the 
sample became unstable, was bent, and the sag a t  the 
center was -3 mm). After the measurement run the 
sample was again unsoldered and insulated from the 
vessel, the sample was straightened out, and annealed 
for several days a t  50 "C. The thermal conductivity of 
the annealed sample turned out t o  be close to the initial 
value. 

The results of these measurements a re  shown in Fig. 
3. Curves 1 and 2 show plots of x:(T) of the sample be- 
fore and after the deformation. The thermal conduc- 
tivity x," of the deformed sample after annealing prac- 

FIG. 3. Influence of deformation at low temperature on the 
thermal conductivity of pure lead crystals: 1, 2-thermal 
conductivity in normal state before and after deformation. 
3, 4, 5-thermal conductivity of sample in the superconduct- 
ing state before deformation, of the deformed crystal, and 
after annealing. 

tically coincided with the initial one (curve 1). Curves 
3 and 4 a r e  plots of x i  of a perfect and of a deformed 
sample, while curve 5 is a plot of <(T) after annealing. 
The dashed straight line corresponds to the relation 
xim TS, while the dash-dot line corresponds to the re- 
lation x i a T S  which is typical of phonons scattering by 
a crystal surface. I t  i s  seen that in the interval 1-2.2 
K the thermal conductivity x i  of the deformed sample 
decreases in proportion to TS, while a t  T 0.9 K it is 
proportional to T3. We have indicated above that a 
stronger-than-cubic dependence was observed in a 
number of samples of the f i rs t  run (Fig. 1). Similar 
relations can be observed also in the comparison of the 
results obtained by different workers a t  temperatures 
above the maximum of the thermal conduct ivi t~ .~ A 
common result obtained by all  is that deformation of 
lead increases the slopes of the xf(T) curves a t  tem- 
peratures above the maximum of the thermal con- 
ductivity. 

3. DISCUSSION OF RESULTS 

A. Basic theoretical premise#-'* 

We consider now briefly the predictions of the theory 
of thermal conductivity of superconductors. In the 
normal state the thermal conductivity of a supercon- 
ductor, like that of a normal metal, is determined by 
the sum of the electronic (xz) and lattice (x;) com- 
ponents: 

with x," >> x l  in pure metals on account of the phonon- 
electron scattering. The thermal resistance (%,")-I in 
the electron system is governed by scattering of the 
electrons by the phonons &$)" and to the summary 
resistance L+(x,",)-l due to  the scattering of the elec- 
trons by the impurity atoms (charged centers), by de- 
fects, and by the sample surface: 

(x.") - I  = (Xepn) -I + C (x.,~) -I = ( a / T Z )  - I  + (PT) -I; (2 
# 

here a and P are  parameters determined by the prop- 
ert ies d the material, and by the purity and degree of 
perfection of the sample. With decreasing temperature, 
x:  increases in proportion to TZ (the electron-phonon 
scattering predominates), reaches a maximum, and 
then decreases in proportion to  T. 

Similarly, the thermal resistance in the phonon sys- 
tem is due to phonon-electron scattering, (x:,)-', and 
t o  phonon scattering by phonons, defects, and impuri- 
ties in the volume and on the surface of the sample, 
1 (xli)-l; in contrast to the electrons, the temperature 
dependence of the second term in the expression 

(x,") - I=  -I + C (xprn) -I = (yT"-' + C (%,in) -I (3) 
i 

depends on which of the phonon-relaxation mechanism 
prevails in this temperature interval, and is not known 
beforehand. In perfect crystals a t  T > T,, the principal 
role is played by phonon-electron scattering and x j  
a T2, while a t  the lowest temperature the scattering by 
the sample surface becomes noticeable and xlmdT3, 
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where d is the characteristic dimension of the sample. culations of the electronic thermal conductivity xz, of 

In the superconducting state in pure metals near T,, 
the electron component x:, exceeds a s  before the pho- 
non component xi,, but with decreasing temperature the 
number of electronic excitations n, decreases rapidly 
(n, a e-Ah, where A is the energy gap parameter), s o  
that x:, decreases and the phonon component begins to 
increase and a t  sufficiently low temperatures xi,>>x',,. 

Within the framework of the Bardeen-Cooper-Schrief- 
fer  theory, A depends only on the reduced temperature 
t T/T, so  that in the case of identical quasiparticle 
scattering mechanisms the change of the thermal con- 
ductivity following the superconducting transitions can 
be described in fhe form of the law of corresponding 
states: the ratios 

%:/%i*-f ( t )  , ~ ~ p S / x . ~ " = g  ( t )  nPIa/np."=h(t) 

depend only on the reduced temperature t. Expres- 
sions (1)-(3) for  the superconducting state can be 
written in the form 

(X..)-'  =[g( t )x , ."( t )  I-' +z [ f  ( t )x . fn( t )  I-' 

where %:,(T,), x:,(T,), and xL(T,) a re  the values of the 
corresponding components a s  T- T,. As shown in Refs. 
8-11, following the superconducting transition in a zero 
magnetic field the thermal conductivity varies con- 
tinuously in first-order approximation (with an e r r o r  
less than 30%), i.e., as T - T, 

and by definition the functions g(t), f(t), and h(t) a re  
identically equal to unity a t  t 3 1. 

The explicit expressions for the dependences off ,  g, 
and h on the reduced temperature a r e  unwieldy and ob- 
scure. To compare the results with one another and 
with experiment i t  is necessary to  use computer-cal- 
culated plots of these  function^.^.^.'^ The plots of f(t) 
and h(t) in Refs. 8 and 9, which describe the electronic 
thermal conductivity xi, of "dirty" superconductors and 
the phonon thermal conductivity 2, in phonon-electron 
scattering, agree well with each other. The measured 
$, of dirty superconductors in which x:, << x& at  
TZ- T, agree with the theory. A detailed comparison 
of the behavior of the phonon component %I, was hereto- 
fore meaningless in view of the low chemical purity and 
quality of the samples. The theory was in qualitative 
agreement with experiment. 

The differences between the expressions for the col- 
lision integrals and the methods of solving the kinetic 
equations affected most strongly the results of the cal- 

pure superconductors, which is governed by the eiec- 
tron-phonon scattering. The main point is that in all 
the papers the functions g(t) decrease slowly with de- 
creasing temperature near T, s o  that according to  
the theory g(t)/F 3 1, whereas in practice in all the ex- 
periments %:, decreases rapidly with decreasing tem- 
perature k ( t ) a l b  according t o  our data]. To reconcile 
the theory of the superconductivity of pure supercon- 
ductors with experiment, a number of a ~ t h o r s ' ~ - ' ~  
wrote down more accurate collision integrals and took 
into account the increments due to mutual dragging of 
the quasiparticles. However, the values of g(t) cited 
in Ref. 12 differ even more from experiment than be- 
fore. 

Estimates with the aid of the formulas cited by 
Gurevich and KrylovLo and by Geilikman and Chechet- 
kin1' show that at temperatures T 1 K phonon-elec- 
tron dragging in lead might increase xz, to a value 
comparable with the phonon thermal conductivity x:, 
but in real samples the phonon mean free paths a r e  
limited by scattering from the surface even at T =2 K, 
and those of the electronic excitations a re  limited by 
scattering from the impurity atoms (estimates yield 
I:, s l o a  cm). It is therefore quite a complicated mat- 
t e r  to attempt to separate unambiguously the contribu- 
tion due to  phonon-electron dragging, as is proposed 
in Refs. 10 and 11, from the results of the measure- 
ment of the thermal conductivity of lead samples. We 
encountered previously a similar situation with bis- 
muth, whose thermal conductivity at helium tempera- 
ture is likewise determined mainly by phonons that 
interact weakly with the carriers.  In that case the pho- 
non dragging could be easily observed by measuring 
the dependence of the thermoelectric power on the tem- 
perature and on the sample dimensions (a two-step 
phonon-phonon dragging of the ca r r i e r s  was observed 
in bulky bismuth crystals). It is clear that to observe 
phonon-dragging effects in superconductors it is like- 
wise necessary to develop a special observation pro- 
cedure. 

Since the magnitude and the temperature dependence 
of the gap parameter A,,,, in lead differ little from the 
value A,, assumed in the BCS model, we have calcu- 
lated numerically hPb(T) and the functions f(T), g(T), 
and h(T) for lead, using the equations given in Ref. 9. 
With accuracy sufficient for our purpose we can state 
that a t  T < T, the parameter Apb = 1.2A,, with A,, 
=2.1Tcb, where b is the root of the equation b 

FIG. 4. Calculated depen- 
dence of the gap parame- 
ter apb in lead on the 
temperature (1) and the 
plot in the BCS model (2). 
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=tanh(tb), and as T-  T, it is more accurate to use the 
relation Apb -2.15T(1 - tph - 1 . 4 ~ ~ .  The calculated 
A, a re  shown in Fig. 4 (curve I ) ,  which shows also 
the plot for the BCS model (curve 2). 

Figure 5 shows the calculated functions f(T), g(T), 
and h(T) (curves 1, 2, and 3) and the experimental plot 
of g(T) (curve 4; the dashed curve shows g(T) under 
the assumption that the phonon thermal conductivity 
behaves in agreement with the calculations). The points 
along the h(T) curve were calculated from the experi- 
mental results (see the next section). I t  i s  seen that 
the points fit in practice the theoretical curve. The 
dash-dot curve shows the variation of h(T) near T, in 
the more accurate model for  A,. The points on the 
f(T) curve correspond to the thermal conductivity of 
dirty lead (-0.02% Bi) and were calculated by us from 
the data of Ref. 20, i.e., a s  indicated above, the func- 
tions h(T) andf(T) calculated from the formulas of the 
monograph of Gililcman and Kresins agree well with ex- 
periment. 

6. Comparison of theory with experiment. Normal state 

As seen from Figs. 1-3, the temperature dependences 
of x: in the interval 0.6-7.5 K agree qualitatively with 
that predicted by Eq. (2), viz., electron-phonon scatter- 
ing predominates above 2 K, and scattering by impurity 
atoms predominates a t  T<  2 K. For  example, the 
thermal conductivity of one of the better crystals (Fig. 
3) in a field H=0.09 T can be described by the expres- 
sion 

Since the matrix element for  the description of elec- 
tron-phonon interaction in concrete metals a r e  un- 

FIG. 5. Calculated ratios of the thermal conductivity of lead 
in the superconducting and normal states: l-scattering by 
impurities V(T)I, 2-electron scattering by phonons [g(T)] ,  
3--phonon scattering by electronic excitations [h(T)] ; curve 
4 corresponds to the function g(T) calculated from the exper- 
imental data (Fig. 3). Points on curve 3-ratio n;,/n$, 
calculated from the experimental data (Figs. 3 and 2); the 
points on curve 1 correspond to the thermal conductivity of 
lead with 0.02% of bismuth impurity. 

known, no exact quantitative calculations of $, in lead 
were made. A formula in the form 

(n, is the number of free electrons per atom and x:,(m) 
=0.35 ~ / c m .  K is the thermal conductivity a t  T>>0), 
which was used in the theory14 to describe the elec- 
tronic thermal conductivity of metal, is suitable only 
for qualitative estimates and underestimates the ther- 
mal conductivity of lead at T = T, by a factor 13. 

The slopes of the x:,(T) curves for different samples 
can differ somewhat both in our experiment and in ac- 
cord with the data by 0the1-s.~ On the average, in fields 
H=0.09-0.1 T,  the data obtained by various authors 
a re  close to the relation 

i.e., they a re  much steeper than the quadratic plots 
predicted by the theory. Allowance for the influence of 
the magnetic field on the thermal conductivity can only 
increase the exponent even more. 

To  estimate the magnetoresistance, we measured the 
thermal conductivity of the same sample in fields 0.09 
and 0.24 T (Fig. 1). In accord with the Kohler rule, 
the change of the thermal conductivity upon application 
of a magnetic field is given by 

where x:(O) and x:(H) a re  the thermal conductivities in 
a zero field and a field H, while the exponents and 
the proportionality coefficients can vary somewhat when 
with change of the principal relaxation mechanism, of 
the field, and of the sample orientation (saturation is 
possible). Putting ti =2, we have found that the values 
of the proportionality coefficient vary smoothly over 
the entire temperature range and amount t o  40* 15 
T2/K with a minimum in the center of the interval near 
the maximum of the thermal conductivity. The values 
of the coefficient a t  f i  =1 vary similarly, but the ob- 
tained values of xi(0) a r e  then somewhat higher than for  
a quadratic dependence. In all variants, the correction 
for the magnetoresistance is 610% near T, and becomes 
comparable with the measured quantity x:(H) a t  T c 1 K. 
Therefore only qualitative estimates of x:(O) a re  mean- 
ingful at T s 1 K, namely, a t  T =0.6 K we have x:(O) 

3x:(0.09). 

The deviation of x;,(T) from a quadratic dependence 
can be due either t o  the 15% increase of the Debye tem- 
perature in the interval 10-2 K, or to phonon-electron 
dragging effects. As will be s h ~ w n  subsequently, the 
conditions rp,>> rep necessary for this to  occur in lead 
a re  satisfied in the indicated temperature interval 
(T,,, rep a r e  the relaxation times for mutual scattering 
of the quasiparticles), but an unambiguous assessment 
of the role of dragging effects from the temperature 
dependence alone i s  quite difficult. 

The effective transport mean free paths of the elec- 
trons and phonons, 1, and l,, and the corresponding 
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relaxation times 7, and T,, can be estimated by using 
the known relations 

where C, and C, a re  the specific heats d the electron 
gas and of the lead lattice, respectively, v, is the elec- 
tron Fermi velocity and s is the average speed of sound 
in the Debye approximation. Substituting the values1s 

C,-1.6.10-' T J / c ~ ~ . K ,  C,=1.06. lo-' Ta ~ l c m ~ . ~ ,  
vP-1.8. 10' cmlsec , s=1.05.10a cmlsec, 

we get 

(Similar estimates of the quasiwrticle mean free paths 
a re  given in Ref. 21.) From this, in accord with (2) 
and (7), we have for the best of the samples in a field 
H=0.09 T 

1.,"-4.2. 10-zT-a.a cm, ~.,"=2.3. lo-" T-'.' sec 

l.in--4- 10-' cm. ~.3"-2.2.10-" sec. 
(1 3) 

It follows from the estimates (8) that for any approxi- 
mation to a zero field we have l:, 1.2. l o4  cm<<d, 
i.e., the electrons a re  scattered by the impurity atoms 
and not by the sample surface, even in the purest of 
the investigated S- 0000 crystals. 

In the S-000 and S-0000 samples, the thermal con- 
ductivity due to  electron scattering by impurities 
amounted to x:, = (20-40)T W/cm. K [Figs. 1-3, formula 
(7)j. These values agree well with estimates of the in- 
fluence of the impurities on the thermal conductivity 
of lead. Thus, the thermal conductivity of a lead sam- 
ple with 0.02% bismuth was found to bez0 x:, =0.3T W/ 
c m - K  in the same fields a s  in our case, i.e., it was 
lower by a factor 100 than in our samples. According 
to  Ref. 13, the average the thermal conductivity of lead 
containing xi% impurity atoms is x:, = x;l. (0.3-3)T. l o 4  
W/cm.K. This estimate is close to  the values of x:, 
in normal metals, which can be obtained by using the 
Wiedemann-Franz law 

where pi = (1-10)- lO"x,SZ- cm is the residual resis-  
tance of a metal containing xi'% impurity atoms,14 and 
L = 2.4. 109 W SZ/P is the Lorentz number. It is seen 
that the two estimates of x:, (from Eq. (14) and from 
the direct  measurement^^^' aO) agree in order of mag- 
nitude with each other and with the estimates of x:, 
calculated for  our samples from the certified values. 
The ratio, calculated from (14), of the room-tempera- 
ture resistivity @,,) to  the residual resistivity is 
ps0,/pi =3.5. lo4 for the better samples (when a zero 
field is approached, p3,/pi s 105). 

Thephonon thermal conductivity of lead a t  T* T,, 
c a l c ~ l a t e d ~ ~  from the measurements of the effect of 
impurities on the thermal conductivity of the samples, 
was x,", =1.3 10-ST2 ~ / c m .  K. According to our esti- 
mates given in the next section, x;$ =2.5. 10-!jT2 W/ 
cm. K (the difference between the numbers may be due 
to differences in the chemical purity of the metals). Us- 

ing relation (12), we get 1;$ =6.7-10*T-l cm and 
7k =6.4.10-*T-l sec,  i.e., T:>> 7:, in the interval 
2-8 K, and according to Refs. 10 and 14 an important 
role in the mutual scattering of the quasiparticles in 
lead can be played by phonon-electron dragging effects. 
We note that just as in the case of the electronic ther- 
mal conductivity, no theoretical calculations of x;,  in 
lead were made, and the cited14'" estimating formulas 
of the type 

yield a value of x;, smaller than the experimental one 
by a factor of 30. 

C. Comparison of theory and experiment. 
Superconducting state 

The maximal thermal conductivity of lead samples in 
the superconducting state, a s  follows from our plots 
(Figs. 1-3) and the published data: depends little on the 
chemical purity of the metal, a t  an impurity concen- 
tration xi < lo"% in contrast to the thermal conductivity 
in the normal state, but can vary greatly from sample 
to sample when changes occur in the mounting condi- 
tions, in the degree of perfection, and in dimensions 
of samples of like purity, i.e., the principal role be- 
low 5 K is played, as follows from various experi- 
ments, by the phonon component of the thermal con- 
ductivity %: (the transport free paths of the electrons 
in elastic scattering by impurity atoms and defects a re  
not changed on going to  the superconducting statesqg; 
the electrons a re  scattered much more strongly than 
the phonons from charged centers). In a perfect crystal 
the largest phonon free paths a r e  limited by scattering 
from the sample surface, l:, s d (the size effect in the 
thermal conductivity). Substituting in (12) the values 
d =0.4 and 0.2 cm, we get x i i  =(1.4 and 0.7)- TS W/ 
cm . K in agreement with thi measurement results on 
our samples (Fig. 1) at T s 1.5 K. The thermal con- 
ductivity of our samples a t  temperatures below the 
maximum point T,,, of the thermal conductivity is 
several times higher than the thermal conductivity d 
the previously investigated samples, and the position 
of T,, is shifted towards substantially lower tempera- 
tures, i.e, the previously investigated4 crystals were 
of much lower quality. 

The decrease of the phonon thermal conductivity with 
increasing temperature a t  T >  T,,, can be due to scat- 
tering of the phonons in the volume by electronic ex- 
citations or  by point defects (isotopic scattering, scat- 
tering by impurity atoms). Estimates of %:, in isotopic 
scattering show that xz, 3 40T-I W/cm. K, i.e., a t  
T >  2 K the isotopic scattering in our samples can still 
be neglected, and the principal role in chemically pure 
samples should be assumed by phonon-electron scat- 
tering in the volume. Writing in accord with Eq. (6) 
for samples of 0.4 cm diameter 

we can calculate xS,  from the experimental data and 
compare the obtained values with the theoretical ones. 
As seen from Figs.  2 and 3, a t  T > 4  K we must take 
into account the contribution of the electronic component 
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xz, to the experimentally measured total thermal con- 
ductivity Bq. (411. The values of $, were obtained by 
approximating the xS,,(T) curve that describes the course 
of the thermal conductivity in the interval 6-7.2 K in 
the region of lower temperatures. 

The theoryEv9 describes only the behavior of the ratio 
x ~ / x ; ~  = h(T) a t  T < T,. To find the value of xie we have 
assumed that the theoretical and experimental values of 
xL coincide at 3 K, where the influence of all the cor- 
rections i s  minimal, a s  seen from Figs. 2 and 3. The 
resultant value xi, =2.50 10'ST2 W/cm. K is half that 
cited in Ref. 13, a fact readily explained by the in- 
fluence of phonon-impurity scattering on the results of 
the estimates in Ref. 13. 

The values of h(T) calculated from the experimental 
data a re  given in Fig. 5 (the points along curve 3). It 
is  seen that the theoretical and experimental h(T) agree 
in the wide temperature interval from 2 to 5 K. The 
agreement between the calculated and experimental 
xL(T) at T Q 5 K confirms in turn the possibility of ap- 
proximating the experimental x:, curve from the region 
T > 6 K into the region of 'lower temperatures. 

Near T,, in a pure sample, the principal role is 
played by the electronic component x;,, while in a dirty 
one it is played by x:, (according to Refs. 13 and 20, 
impurity scattering a t  T - T, plays the principal role if 
xi a lo4%). Since the calculated x:,(T) of various 
 author^^-^^ differ greatly from one another and do not 
agree with the results of the earlier experiments: it 
was of interest to compare the experimental curves of 
g(T) =xz,/x:, obtained from our data and of f(T) =xzi / 
x,"i from the data of Mendelssohn and OlsenzO with the 
theoretical ones. 

As seen from Fig. 5, in a pure sample g(T)aT5,  i.e., 
it decreases with decreasing temperature much more 
rapidly than predicted by the theory. At the same time 
the values off (T) calculated from the thermal con- 
ductivity of a sample containing 0.02% bismuth agreed 
well with the theory (the points on the j(T) curve in 
Fig. 5). Thus, in the superconducting transition the 
cross section for scattering of electrons by impurity 
atoms remains constant in first-order approximation, 
in accord with the theory, while in scattering by pho- 
nons near T, the effective scattering cross section in- 
creases much more strongly than predicted by the 
theory. It appears that in the calculation of IC;, of lead 
one must take into account the fact that the state density 
of the transverse phonons has a maximum near T,, a s  
is proposed in Ref. 22. The dashed curve of Fig. 5 
shows the experimental g(T) curve approximated in 
the region T < 6  K. The experimental curve approaches 
the theoretical one with decreasing temperature. 

D. Effect of plastic deformation on the thermal 
conductivity of lead crystals 

In contrast to  bismuth flexure deformation 
a t  room temperature had practically no effect on the 
electric conductivity of even the purest lead crystals 
(the electric conductivity of bismuth a t  helium tem- 
perature and a t  the same flexure decreased by one-half), 
but could lead to a decrease of the maximum phonon 

thermal conductivity and, most importantly, to a change 
of the temperature dependence below T,,,. The impor- 
tant factor here is  that unlike in the usually observed 
phonon thermal conductivity (e.g., that of bismuth 
crystals), the slopes of the x;,(T) curves in deformed 
samples a r e  steeper than in the initial ones. A similar 
behavior of x;, was observed also before4 and was at- 
tributed either t o  a manifestation of the contribution of 
the electronic component xz, (second gap: phonon- 
electron dragginglo) or  to scattering of phonons by dis- 
location nets.'3 It is clear from the foregoing, how- 
ever, that x:, is small a t  T < 2 K, and the dragging ef- 
fects a re  also negligibly small because of the strong 
electron-impurity scattering in this region. The second 
assumption is also unlikely, since the density of the 
dislocations introduced a t  a sag of 3-4 mm is small, 
N ,  10' cm", and the characteristic wavelengths of 
the thermal phonons a t  T =l K (on the order of a hund- 
red interatomic distances) i s  much less than the dis- 
tance between the individual dislocations. Annealing 
increased the thermal conductivity x i ,  practically to 
its initial value, and if the annealing time was n d  
enough then the slope of the curve was also steeper 
than in the initial state, i.e., the principal role was 
played by scattering from individual impurities. 

The thermal conductivity of a perfect sample and of 
one deformed by tension a t  low temperatures, and the 
effective electron and phonon transport free paths (2, 
and I,)  calculated from Eqs. (11) and (12) a r e  shown in 
Figs. 3 and 6. Assuming that the electronic thermal 
conductivity of a deformed sample i s  determined a t  
T < 1.5 K by scattering from dislocations, x:, =16T W/ 
cm . K, and using the Wiedemann-Franz law x,", = LT/ 
pa, where p, = ( I -  10)xlO-lgNd~-cm is the resistivity 
of the normal metal a s  determined by electron scatter- 
ing by the dislocations,14 we obtain for  the density of 
the introduced dislocations N ,  - (0.1 - 1) x lvO ~ m - ~ ,  
i.e., a value higher by two or  three orders of magni- 
tude than that obtained from the relative elongation of 
the sample. The cause of such an appreciable dis- 

FIG. 6. Effective transport free paths of phonons (a) and elec- 
trons (b) in a perfect and in a deformed sample, .calculated 
from the curve of Fig. 3: a) curve l-initial sample, 2- 
deformed, 3-annealed; b) curve l-initial sample, 2- 
deformed sample. 
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crepancy in the estimates of Nd may be that the Wiede- 
mann-Franz law does not hold in the presence, say, 
of small-angle scattering of electrons by dislocations, 
a process accompanied by a change in the electron 
energy by an amount on the order of kT, which does 
not affect the electric conductivity but can play an im- 
portant role in the establishment of the thermal equili- 
brium. Unfortunately, no theoretical investigations of 
the influence of such an inelastic scattering on the 
thermal conductivity a re  known to us. 

As seen from Fig. 6a, the effective phonon mean free 
path at temperature below the maximum of the thermal 
conductivity in a perfect sample is limited by scatter- 
ing from the surface and is practically independent of 
temperature, in a deformed sample 1; a TB a t  1 K 
c T 2 K and fM =const a t  0.6 Kc T 0.9 K, and nearly 
approaches the initial value after annealing. We at- 
tribute the observed behavior of 12 to  the appearance 
of the flutter effect, i.e., to scattering of the phonons 
by dislocations by the dislocations that vibrate in the 
field of the incident phonon,14 inasmuch a s  any mecha- 
nism of phonon scattering by immobile single micro- 
scopic defects would lead to an increase of the mean 
free path with increasing temperature (the phonon 
wavelength increases with decreasing temperature). 
Incoherent small-amplitude thermal oscillations (pho- 
nons), in contrast to acoustic waves, a re  hardly capa- 
ble of displacing the dislocation a s  a whole, and the 
dislocation vibrates within the Peierls relief. If the 
Peierls force Fp<<Mv2(a/2n) that restrains the dis- 
locaticn (where M =pb2 is the dislocation mass, p is the 
specific density of the crystal, b is the Burgers vec- 
tor, and v is the frequency of the phonon incident on the 
dislocation), then the radius of phonon scattering by the 
vibrating dislocation, Fz -S/v -aT% cm, is much 
larger than the radius of phonon scattering by the s t ress  
field around an immobile dislocation, 9$40bTd-l cm.14 
At lower frequencies the phonon energy is insufficient 
to  excite the oscillations, and the scattering radius 
Ti: turns out to  be the same as in scattering by the 
core of an immobile dislocation, and much less than 
9-2. 

Thus, whether the flutter effect appears in the phonon 
thermal conductivity or  the principal role is played 
by scattering from the s t ress  fields around immobile 
dislocations depends on the value of F ,  and on the 
characteristic temperatures a t  which the phonon-dis- 
location scattering becomes predominant. 

Since the principal role is played by scattering of 
thermal phonons whose frequency i s  v = 10" T Hz, to 
observe the flutter effect a t  T -1 K we must have 
Fp<< 3 dyn/cm. Hence the maximum shear s t ress  
oc=Fp/b needed for the dislocation to s tar t  to  move in 
the glide plane, must be a,<< 6 - 107 dyn/cm2 or  o, 
<<lo-%, which is certainly true in lead (G is the shear 
modulus of lead and =5 101° dyn/cm2). In deformed 
bismuth crystals the effective phonon mean free path 
increases with decreasing temperature: lMaT-', i.e., 
the principal role is  played by scattering from st ress  
fields around immobile dislocations. In fact, the dis- 
location density in bismuth, obtained from the known 

radius Y::, agreed well with the values of Nd esti- 
mated from the electric c o n d ~ c t i v i t y . ~ ~  It can there- 
fore be concluded that in bismuth B,> 3 dyn/cm and 
a,a 6 107 dyn/cm2, in full agree with the difference 
between the mechanical properties of lead crystals 
(highly plastic a t  helium temperatures) and bismuth 
crystals (brittle already a t  nitrogen temperatures). 

The dislocations vibrating in the field of the elastic 
wave can absorb and emit phonons, so  that we can 
speak of the presence of local vibrational modes con- 
nected with the dislocations. For  example, as shown 
in Ref. 16, in split dislocations one can excite internal 
periodic vibrations with natural frequencies propor- 
tional to the energy of the stacking faults and amounting 
to  -10l0 Hz for ordinary fcc metals. In lead, according 
to  estimate^,'^ the frequency of these dislocation vi- 
brations is 0 . 1 5 ~ 1 0 ~ ~  Hz, i.e., in addition to the effect 
considered above one should observe a t  temperatures 
T -1 K also resonant absorption of part of the phonons 
by the vibrating dislocation, and this should lead to a 
stronger-than-linear dependence of X ~ ( T )  in the tem- 
perature region near resonance, in accord with our 
measurements. In the study of the flutter effect, the 
advantage of lead over normal fcc metals is that a t  
T<< T, in the superconducting state the phonon com- 
ponent of the thermal conductivity is decisive and, 
furthermore, the electron deceleration of the disloca- 
tions becomes negligibly small.16 

4. CONCLUSION 
Thus, from the thermal conductivity of lead samples 

in the superconducting and normal states we can assess  
the effective transport free paths of the phonons and 
electrons and the relaxation times of the quasiparticles 
a s  they a r e  scattered by one another and by defects and 
impurities within the same sample. In the normal state 
ra  =6-  10+T-l sec and P, =2.3. 10-10T-Ss3 sec. In the 
superconducting state the number of electronic excita- 
tions decreases exponentially with decreasing tempera- 
ture, s o  that rp, can only increase, and the electron 
relaxation time decreases because of the increased ef- 
fective cross  section for the scattering of the electronic 
excitations by the phonons. Thus, in the entire work- 
ing-temperature interval we have T,>> re, and, in 
agreement with the the~ry , '~* l l  in sufficiently bulky pure 
lead samples one should expect manifestations of elec- 
tron-phonon dragging, i.e., it is  of interest to investi- 
gate further and to  increase significantly the chemical 
purity of the samples. In the investigated S-0000 lead 
samples, the electron transport free paths were not 
large enough, 1li lo* cm, for a substantial manifesta- 
tion of dragging effects in the thermal conductivity. 

Figure 7 shows the experimental plot of the thermal 
conductivity of a perfect sample of 0.4 cm diameter in 
the superconducting state (curve I), and also the cal- 
culated dependences of the phonon thermal conductivity 
in size scattering (3) and phonon scattering by elec- 
tronic excitations (4). It is  seen that the calculated 
and experimental dependences of x:(T) are  in good 
agreement. At the same time the theoretical and ex- 
perimental electronic components xz,(T) differ sub- 
stantially near T,. 

378 Sov. Phys. JETP 50(2), Aug. 1979 L. P. Mezahov-Deglin 378 



FIG. 7. Contribution of various mechanisms to the thermal 
conductivity of a perfect lead sample with average diameter 
4 mm in the superconducting state (curves 3-5). 1-Experi- 
mental plot of xS (T); 2-experimental plot of u", (T); 3- 
contribution of size scattering of phonons, 4-thermal con- 
ductivity xSp, of pure metal, 5-electronic component US,#  
of the thermal conductivity from the experimental data. 

In perfect samples in the superconducting state the 
effective mean f r ee  path of the phonons is  limited by 
the size scattering. In deformed samples, judging f rom 
the singularities in the temperature dependence of the 
thermal conductivity, the decisive phonon-scattering 
mechanism at  T =l  K is  the flutter effect, i.e., scat ter-  
ing by vibrating dislocations (induced vibrations of the 
oscildislocations in a n  alternating stress field). The 
singularities induced in the phonon thermal conductivity 
by phonon scattering by vibrating dislocations were ob- 
served also previously in plastically deformed samples 
of Nb,24 Pb,25 and copper alloys.26 

The author thanks A. V. Lokhov, V. N. Khlopinski;, 
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