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A b strac t. P rec ise  e le c tr ica l re s is tiv ity  m e a su re m e n ts  o n  very  d ilu te  no n  m ag n e tic  in d iu m  
a llo y s  show  no  d o u b t  in a  T 5 d e p en d en ce  o n  te m p e ra tu re  b e tw een  1 -4  K  a n d  s tro n g  dev ia- 
tio n s  from  M a tth ie s s e n  ru le . M e a su re m en ts  o f th e rm a l re s is tiv ity  show  th a t  the  e x tra p o la -  
tio n  m e th o d  to  o b ta in  th e  d a ta  to  H  =  0 is co rrec t. C o m p a ris o n  o f  the  re su lts  w ith  recen t 
th e o rie s  is d iscussed .

1. Introduction

Recently a renewed interest in the low tem pera tu re  behav iour  of  the electrical conducti-  
vity of  metáis has been shown. Substantial deviations from the Bloch G rune isen  T 5 
law are  o b ta ined  either  theoretically (Ehrlich 1970, K aveh a n d  W iser 1972, Lawrence 
an d  W ilkins 1972, Bass 1972, Bergm an et  al 1974, D osdale an d  M o rg a n  1974) o r  experi-
mentally  (see eg Salvadori et al 1973, an d  references therein). These deviations are 
explained by a m ore realistic trea tm en t  o f  the electrical resistivity w hen  different elec­
trón- p h o n o n  scattering m echanism s are considered. If these processes are allowed for 
po lyvalent metáis, n o t  only depa r tu re s  from the T 5 law are found bu t also deviations 
from the M atth iessen  rule (D M R ) should  be observed.

Indium  is one of  the m etáis  th a t  has been repo r ted  (G arland  an d  Bowers 1968) and  
used (Ehrlich 1970. Law rence an d  W ilkins 1972) to show this behaviour. Nevertheless 
in a prev ious w ork  Bressan et  al (1970) ha  ve show n th a t  if a  careful experim ental study 
of  the electrical resistivity is done, no  deviations from the T 5 law are  found. In this 
p ap e r  we w an t  to insist on  this po in t  w ith  m ore  experim ental evidence o f  w h a t  we feel 
is the behav iour  of  the electrical resistance of  ind ium  a t  low tem peratures .

It is im p o r ta n t  to  rem ark  th a t  ind ium  is a  supe rconduc to r  below 3-4 K ;  conse- 
quently  to  o b ta in  the resistivity a t  low tem pera tu res  it is necessary to ex trapó la te  the 
m agnetores is tance to  H  =  0. It is possible to  m ake  im p o r ta n t  e r ro rs  if the ex trapo la t ion  
p rocedu re  is no t  correct. W e claim th a t  a very careful study of  the m agnetores is tance 
is required  in o rder  to be able to ex trapó la te  correctly. W e ha ve show n (Bressan et al 
1970) tha t  the K oh le r  rule is no t  obeyed a n d  th a t  if it is used as a universal curve for 
the analysis o f  the results a t  H =  0, it gives a misleading in terpretat ion .
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T ab le  1. Im p u r ity  ra tio  defined  a s  r =  R (293) R (0). V a lú es  for th e  co efiic ien ts  /)„ a n d  f¡. 
a cc o rd in g  to  e q u a t io n  (1). fo r x  =  5-0.

S am plc P u r ity R esistiv ity  ra tio Po H
(p(293 K )/p (0K )) (1 0 “ 11Q cm ) (10" 11 Q 3 K ' 5

99-9999" p u iv  in d iu m  from
A (. 'if lk o f id a te ii^ 'lm in g  &  S m elting 100000 8X6 0-023

B S am p le  A +  LF23 p p m  o f  Sn by 73000
th e rm a l n e u tró n  ac tiv a tio n . 12-45 0-027

C S am p le  B +  0 2 3  p p m  o f Sn by 57000
th e rm a l n e u tró n  ac tiv a tio n . 15-91 0-030

2. ¡Vlethod and results

We repo rt  new results for two samples with different resistivity ra tios  o b ta ined  using 
the same im purification m e th o d  as the one described before (Bressan et al 1970). We 
o b ta ined  for these samples the same universal magnetic  behav iour  w ith in  the exper­
imental error,  which w as a b o u t  2%. O nce the universal function is found the resistivity 
a t  zero  m agnetic  field, for tem pera tu res  below the critical, is a p a ram ete r  to  be deter-  
mined by fitting the po in ts  ob ta ined  a t  a  field grea ter  than  the critical.  This  m ethod  
allows for the de te rm ina tion  o f  the resistivity with  an  accuracy o f  2%. Details  o f  how 
the ex trap o la t io n  is done  a n d  results showing how an  incorrect p rocedu re  could  
lead to  im p o r ta n t  mistakes in the in te rpre ta t ion  of  the da ta  a t  zero field can  be seen in 
Bressan et al (1970). T he  results an d  characteristics o f  the three samples are  show n in 
table 1 a n d  in figure 1.

7-5 (K5 )

F igu re  I. T e m p e ra tu re  d ep en d en c e  o f th re e  sam p les  w ith  difTerent im p u r ity  c o n c e n tr a tio n s  
a s  in d ica ted  in ta b le  1. S am ple  A. +  ; sam p le  B, O ; sam p le  C, A .
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Figu re  2. S ta n d a rd  d e v ia tio n  a s  a  fu n c tio n  o f  the  e x p o n e n t x  in e q u a t io n  (1 1.

A tem pera tu re  dependence of  the form

p = p 0 +  P T *  (1)

was proposed .  By using the s ta n d a rd  least squares m e th o d  we ha ve found tha t  the m ín i­
m u m  s ta n d a rd  deviation  is w ith in  x =  5-0 +  0-2. F igure 2 shows a p lo t o f  the s tandard  
deviation  as a function of  different exponents  for the samples investigated. O n  the o ther

T ab le  2. C oeffic ien ts  for d ifferen t lin e a r c o m b in a tio n s  o f  in teg e r p o w ers  o f  T  we have tried  
(f, =  p 0 +  I jü iT ') .  O n ly  som e re p re sen ta tiv e  c o m b in a tio n s  a re  re p o rte d .

S am p le l>0 a 2 «3 «5 S ta n d a rd
e rro r

A 8-865 0-0235 0-336

B 12-448 0-0272 0-217

C 15-906 0-0302 0-279

A 7-794 0-1549 0-0220 0-325

B 12-986 -0 -1 1 7 3 0-0287 0-163

C 15-591 0-0886 0-0290 0-246

A 8-102 004 7 1 0-0212 0-325

B 12-805 -0 -0 3 9 4 0-0295 0-172

C 15-667 0-0365 0-0280 0-239

A 8-249 0-0213 0-0187 0-325

B 12-710 -0 -0 1 8 8 0-0319 0-180

C 15-702 0-0210 0-0249 0-227

A 7-203 0-3760 -0 -0 2 9 9 0-0266 0-591

B 13-707 -0 -4 7 3 8 0-0662 0-0169 0-330

C 16-384 -0 -4 0 7 0 0-1007 0-0106 0-266
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hand  if o the r  term s with  different integer pow ers  in T  a re  p roposed  to fit the d a ta  we 
find tha t the s ta n d a rd  deviation  is not improved, and  w hat is m ore  im portan t .  the coeffi- 
cient o f  these term s do  not change m onotonica lly  with im purity  concen tra t ion .  M ore-  
over for all co m b in a t io n s  of  different integer pow ers  o f  T  tha t  we ha ve tried. the sign 
of  the coefficients changes at r a n d o m  from sample to sample (see table 2). W e c o n d u d e  
tha t no te rm  in T 2, T 3, T 4 or  linear co m bina t ions  thereof  together  w ith the T 5 term  
should  be included to  explain the behav iour  o f  the electrical resistivity o f  In in o u r  range 
of  tem perature .

As a lu rther  confirm ation  tha t  o u r  ex t rapo la t ion  m ethod  is correc t the therm al resis­
tivity of  samples B an d  C w'as measured. It was possible to find a co rre sp o n d e n t  Jones 
an d  Sondheim er  (1969) universal behav iour  for the therm al magnetoresistance. Using 
the same p rocedu re  as the one described for the electrical resistivity, the da ta  for the 
therm al resistivity below the crit ical tem pera tu re  were obta ined .  Using these valúes to 
ex trapó la te  to T  =  0 a Lorenz num ber  for bo th  samples was found tha t  co r responds  
to  the free e lectrón model w ith in  10%. If the K ohler  rule is used for the rm al an d

r(K )

h ig u re  3. T h e o re tic a l re su lts  from  L aw ren ce  a n d  W ilk in s  for c o m p a ris o n  w ith  o u r  e x p e r­
im en ta l d a ta . T h e  p a ra lle l shift in d ica tes  d e v ia tio tis  from  M a th ie s se n ’s ru le . (B G . B loch 
G rü n e isen .)
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electrical ex t rapo la t ions  to  H =  0  a L o renz  n u m b e r  L  =  5-6 x 10“ 8 l ^ Q K -2  is 
ob ta ined  (de la C ruz  et al 1968).

The experim ental results for the the rm al conductiv ity  an d  the effect o f  the impurity  
co ncen tra t ion  on  it will be the subject o f  a  forthcom ing  article.

F igure 1 also shows th a t  a l though  the T 5 dependence is obeyed s trong  deviations 
from M atth iessen’s rule are  evident.

An im p o r ta n t  p a ram ete r  tha t  is used by the theorist is the ratio  between the residual 
resistivity an d  the tem pera tu re  dependen t te rm  as  an  indication of  which is the 
d o m in a n t  scattering process. In o u r  experim ent the ratio  between p0 an d  ¡IT 5 (equation 
(1)) is approx im ate ly  0-5 a t  4 K a n d  60 a t  T  =  1 -5 K.  It is clear from these ra tios  th a t  in­
d ium  is a very convenien t metal to be used for this investigation.

3. D iscussion

F ro m  our  results we arr ive a t  some general cond it ions  for any  theoretical model used 
to explain  the tem pera tu re  dependence an d  the M atth iessen  rule deviations in ind ium  
a t  low tem peratures:

(a) the M atth iessen  rule deviations should  have a T 5 dependence.
(b ) this dependence should  be followed independently  of  the ra tio  p 0/ / i T 5 (60 to 0-5). 
The only explicit ca lculat ion  for ind ium  is due to Lawrence an d  W ilkins (1972).

They  predic t a T 5 behav iour  for the resistivity o f  polyvalent ' im pure '  m etáis  a t  low te m ­
peratures. T hey  show th a t  for ind ium  a t  tem pera tu res  below 7 K  the m ain  con tr ibu t ion  
to  the resistivity is due to the d is to rt ion  o f  the Ferm i surface. F igure 3 shows their th e o r ­
etical results toge ther  with the experim ental tem pera tu re  dependen t p a r t  o f  the resisti­
vity of  o u r  three samples as described by equa t ion  (1) w ith  x =  5. T he  experim ental 
po in ts  a t  4 K  are  well below the theoretical pred ic tion  bu t there is no  reason to expect 
agreem ent because the im pure  limit has  no t  been reached. W hen  the tem pera tu re  is de- 
creased the im purity  scattering becom es d o m in a n t  a n d  a t  1-5 K we can consider  tha t 
the im pure  limit is reached for all samples. At this tem pera tu re  agreem ent with  theory 
should  be expected.

T he  theory  predic ts  th a t  once the im pure  limit has  been reached. the tem pera tu re  
dependen t p a r t  o f  the resistivity should  be the same for all samples, regardless o f  the 
intrinsic impurity, if a  p lo t such as the one in figure 3 is used. O bviously  this will not 
happen  if the D M R  follows a  T 5 behaviour. W e show th a t  there is neither quan ti ta t ive  
ñor qualita tive ag reem ent with the theory  in the range of  tem pera tu re  we have studied.

This  w ork  is p a r t  o f  a  m ore com prehensive one. Experim enta l details an d  d a ta  on 
the electrical an d  the rm al resistivities as a function of  field and  tem pera tu re  will be pub- 
lished elsewhere.
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