
Ύ\ 

MEASUREMENTS OF THE ELECTRICAL RESISTIVITY 

OF SIMPLE METALS AT LOW TEMPERATURES 

J.H.J.M. RIBOT 





MEASUREMENTS OF THE ELECTRICAL RESISTIVITY 
OF SIMPLE METALS AT LOW TEMPERATURES 





MEASUREMENTS OF THE ELECTRICAL RESISTIVITY 
OF SIMPLE METALS AT LOW TEMPERATURES 

P R O E F S C H R I F T 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 

WISKUNDE EN NATUURWETENSCHAPPEN 

AAN DE KATHOLIEKE UNIVERSITEIT TE NIJMEGEN, OP GEZAG VAN 

DE RECTOR MAGNIFICUS PROF. DR. P.G.A.B. WIJDEVELD, 

VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN 

IN HET OPENBAAR TE VERDEDIGEN 

OP DONDERDAG 27 SEPTEMBER 1979 

DES NAMIDDAGS TE 2.00 UUR PRECIES 

door 

JOHANNES HENDRICUS JACOBUS MARIA RIBOT 

geboren te Leiden 



PROMOTOR. 
PROP. DR. P. WYDER 

CO-REFERENT 

DR. H. VAN KEMPEN 



voor Liz en Asha 



Dit onderzoek werd uitgevoerd op de afdeling experimentele natuur

kunde 4 van het Research Instituut voor Materialen van de Katholieke 

Universiteit te Nijmegen, onder leiding van Prof. P. Wyder. Een ge

deelte van dit onderzoek is gesteund door de Stichting Fundamenteel 

Onderzoek der Materie (FOM) met financiële bijdragen van de Neder-

lanse Organisatie voor zuiver-Wetenschappelijk Onderzoek (ZWO). 

We acknowledge the permission to reprint previously published 

papers, obtained from the publishers of The Review of Scientific 

Instruments, Physical Review Letters, Journal de Physique, The 

Journal of Physics and North Holland Publishing Company, Amsterdam. 



C O N T E N T S 

Page 

1. The problem of the electrical resistivity of simple metals 1 

2. Experimental details 

2.1 Introduction 15 

2.2 Temperature measurement 17 

2.3 Resistance measurement 31 

3. The electrical resistivity of potassium at low temperatures 

3.1 Introduction 35 

3.2 Preliminary results 37 

3.3 Essential facts 41 

3.4 Detailed description 45 

4. The electrical resistivity of aluminum at low temperatures 

4.1 Introduction 77 

4.2 Preliminary results 80 

4.3 Essential facts 82 

4.4 Detailed description 88 

5. The electron-phonon interaction in alkali metals 

5.1 Introduction to point-contact spectroscopy 112 

5.2 Preliminary results 116 

6. Appendix: Tables of the raw data of the resistivity of aluminum 129 

7. Summary 135 

8. Samenvatting 136 

9. Curriculum vitae 139 



The following sections are in the form of reprints of the original papers: 

2.3 H. van Kempen, H.W. Neyenhuisen and J.H.J.M. Ribot, Rev. Sei. Instrum. 

50, 161 (1979) 

3.2 H. van Kempen, J.S. Lass, J.H.J.M. Ribot and P. Wyder, Proc. 14 Int. 

Conf. on Low Temperature Physics (LT 14) (ed. by M. Krusius and M. 

Vuorio North Holland Pubi. Comp. Amsterdam, 1975) vol. 3, pag. 94. 

3.3 H. van Kempen, J.S. Lass, J.H.J.M. Ribot and P. Wyder, Phys. Rev. 

Lett. 32, 1574 (1976) 

4.2 H. van Kempen, J.H.J.M. Ribot and P. Wyder, J. Phys. (Paris) C6, 1048 

(1978) (LT 15) 

4.3 J.H.J.M. Ribot, J. Bass, H. van Kempen and P. Wyder, J. Phys. F. £, 

L117 (1979) 



1 The problem of the electrical resistivity of simple metals. 

The understanding of the electrical conductivity of metals is 

one of the main subjects in solid state physics. The high conductivity 

of metals is made possible by the overlap in space of the outermost 

electrons of the atoms, but this at the same time makes the problem 

of conductivity difficult to solve because many particles are inter

acting. 

Before the electron was found by Thompson in 1897 and classical 
2 

theories could be constructed for the conductivity by Drude and 

Lorentz , already the (practical) importance of electrical transport 

had prompted a lot of research on the resistivity of metals. The re

sistivity of a metal compared to a "standard" material was already 

4 5 
measured to better than 1% before 1850 . Siemens reports in 1862 a 

precision of 0.01% in comparing mercury resistors. This relatively 

high precision in resistivity measurements made possible the discovery 

of important regularities like the Wiedemann - Franz law connecting 

the electrical and thermal conductivities of metals. Matthiessen 

found his rule governing the temperature dependent resistivity of al

loys, which for dilute alloys with a concentration с of some impurity 

can be written as ρ (с) = ρ (Τ) + ρ (с), where ρ (с) is the resisti

vity of the alloy, ρ (Τ) is the resistivity of the pure metal and 

Ρ 
ρ (с) is the impurity produced resistivity at a temperature Τ = 0 К. 

The classical theories were not sufficient to explain the results of 

resistivity measurements or to make actual calculations of the resis

tivity. These had to wait for the advent of Fermi statistics and quan

tum mechanics. Within a short time, many predictions were made using 

these new concepts; they include the limiting resistivity at low tem-

peratures for electron-phonon scattering ρ (Τ)
 a
 Τ by Bloch , the 

importance of Umklapp scattering and the possibility of phonon drag 

9 2 

by Peierls and the Τ - form of the resistivity caused by electron -

electron scattering ρ _ by Landau and Pomeranchuk and Baber 

Some of these predictions could not be tested in simple metals 

until recently, when better measuring equipment became available and 

techniques like zone-refining made purer metals obtainable. Also re-
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finements in the theory were пессзьагу to allow the possibility of 

discriminating between diverse scattering processes. 

The electrons m a metal are relatively free to move through the 

crystal, despite the strong interaction between the electrons and 

the lattice of metal ions and the interaction between the electrons 

themselves.A rigorous calculation of the temperature dependent re

sistivity ρ(Τ) of such a system of many interacting particles from 

first principles seems still impossible today. For the calculation 

of ρ(Τ) "microscopic" information from other sources has to be used. 

For instance for the calculation of the resistivity due to electron-

phonon scattering, ρ , . (Τ), one needs to know the precise relation 
el-ph ^ 

between energy and crystal momentum of electrons e(к) and phonons 

hü>(q), and their electron-phonon interaction. Band structure calcu

lations and data from, for instance, de Haas - van Alphen measure-

ments are used to obtain e(k). The relation between energy and momen

tum of the phonons is obtained from neutron scattering data. Tunne

ling experiments in superconducting metals and point contact measure

ments on normal metals are used to probe the interaction between 

electrons and phonons. 

All these different pieces of information are needed for quan

titative evaluation of the diverse scattering processes. The formu

la's that are used are mostly extensions of those that were already 

12 

summarized by Ziman in 1963. In spite of the availability of power

ful computers for the evaluation of the formula's, even the calcu

lations for the simplest metals like potassium or aluminum are 

usually correct only to within a factor two (see for instance refe

rence 13 and 14 for ρ , , ) or even worse (see reference 15 for 

el-ph 

Pel-el'• 

To test our current understanding of the electrical resistivity 

it is therefore logical to start with the simplest metals. These are 

metals with a gas of valence electrons in the crystal which behave 

very nearly as free electrons. Candidates for this test are in the 

first place the alkali metals, especially potassium, and metals like 

aluminum and indium, all with nearly spherical Fermi surfaces. 

The study of electrical resistivity in metals is the study of 

2 



momentum transport by the electrons. The momentum is picked up by 

the electrons from an applied electrical field E and is eventually 

transmitted to the lattice via scattering with, for instance. Impu

rities or phonons. 

The most important scattering mechanisms that affect the resis -

tivity of normal metals at low temperatures are indicated below. 

Electron - impurity scattering 

The physical and chemical impurities m a metal comprise a va

riety of imperfections. The most important of these are interstitial 

and substitutional atoms and dislocations, vacancies, grain bounda

ries and the outer walls of the sample. 

Before the advent of zone-refined, very pure metals, most of the 

resistivity at the lowest temperatures would come from scattering of 

electrons on chemical impurities ρ . This is still true for most of 

imp 

the samples measured today but, for instance, for the ultra pure alu

minum (samples 1 and 2) of chapter 4, the electron mean free path for 

impurity scattering is 1.4 mm. So the size effect is important even 

for reasonably thick samples. 

The theory for calculating ρ is given in reference 12. The 

impurities can be treated as rigid spheres on which the electrons 

scatter elastically. This results in a temperature independent re

sistivity contribution, and its magnitude is only indirectly of im

portance for this work. Because impurity scattering is in many sam

ples the dominant scattering mechanism, it has an important influen-
->-

ce on the distribution f(k) of the electrons as a functions of the 
->- о ->• 

momentum k. In equilibrium, the distribution f (к) is the Fermi-Dirac 

distribution function f (к) = [ 1 + exp(c(k)/kT)] with ε(к) the ener

gy relative to the Fermi energy. Out of equilibrium, for instance 

when an electric field E is applied, the distribution f(к) can be 

written as о̂.т»-. 

t (tì = f
0(î) + Іі-Ш- *(fr = ί

0
[ε(£)

 +
 ψ(Ε)]. 

Э ε (к) 

The deviation functions ^(k) can be thought of as the shift in ener

gy of one particle due to the applied field E. In general, impurity 



scattering tends to make the out-of-equilibrium distribution, and 

thus ^(k), isotropic (see e.g. reference 16) and so influences the 

resistivity from other sources that are non-isotropic. This is be

cause, with an anisotropic scattering mechanism present, the elec

trons are more strongly scattered on some parts of the Fermi sur

face than on others. If not prevented by, e.g. impurity scattering, 

Ψ(Κ) will adjust to this situation and be smaller on the "hot" re

gions and enhanced in other parts of the Fermi surface, thereby re

sulting in a lower resistivity from this anisotropic scattering. 

17 
In this fashion, as first suggested by Kohier , differences 

in anisotropy of scattering processes can give rise to deviations 

Д(с,Т) from Matthiessen's rule, defined as Д(с,Т) = p„(c) - ρ (Τ). 

Τ ρ 

These effects will be strong for metals with very anisotropic elec-

1 fi 19 

tron-phonon scattering. In aluminum, for instance ' , such scat

tering anisotropy is about an order of magnitude larger than in po

tassium, when compared at l/20th of the Debye temperature 0 for 

each metal. If this picture of the deviations from Matthiessen's 

rule is correct, and if it is the only source of the deviations, 

then for high impurity concentrations, the temperature dependent 

resistivity ρ(Τ) = ρ - ρ should become independent of the value of 

ρ . This phenomenon is referred to as "saturation" into the "dirty 

limit". The experimental investigation of this point is difficult, 

because of different effects of different impurities on ^(к) and 

ρ . To properly examine this point, one needs many samples with well 

defined impurities. Because of the experimental difficulties, the 

existence of the "dirty limit" is still in debate. 

Apart from deviations from Matthiessen's rule due to scattering ani

sotropy, physical impurities are expected to produce, m first ap

proximation, a temperature independent resistivity, and thus to con

tribute primarily to ρ . If, however ,one goes beyond the first ap

proximation, then they can produce some temperature dependent resis

tivity. As examples, such effects have been either observed or pre-
21 

dieted for scattering of electrons on grain boundaries , the sample 
22,23 ,_ , 1 24,25 26 

surface , chemical impurities , and dislocations . In analy

sing ρ(Τ) for real samples, one must try to separate all of these 

4 



possible contributions from the effect of primary interest, for in

stance by varying diverse parameters of the samples such as dislo

cation density, impurity content, grain size, and sample dimensions. 

Electron - phonon scattering 

The concepts needed to be able to handle the complicated system 

of electrons and phonons in a metal have existed already for a long 

12 

time. A synthesis of the basic ideas was given by Ziman , and most 

of the formulas from this work are still in use today. 

Some of these basic concepts will be discussed below, and the 

form of the expected resistivity as a function of temperature will 

be indicated for some cases that are of interest for the following 

chapters. 

In a metal, electronic excitations, and excitations of the ions, 

can both be treated as particles moving through the crystal. This 

27 

concept of quasipartfcles can be clarified by considering the pho

nons , the quasiparticles associated with the vibrations of the ions. 
28 

The energy E of independent lattice vibrations can be expressed 

in terms of q and ω, where nq plays the role of the momentum p, and 

hio(q,X) that of the energy e of a real particle: 

E - U = E fl!D(q, λ) [ N(q, λ) + Jj ] = 
о -»- * 

q,X 

Ь £ fico(q, λ) + Σ h(D(q, λ) N(q, λ), 

q,X q»
A 

-»• . 

where N(q,A) is either zero or a positive integer and λ labels dif

ferent kinds of waves (longitudinal, transverse), a label that will 

be deleted from following formulas. The first term of the last ex

pression represents the zero point motion of the system and the last 

term describes the first order expansion of the energy in low lying 

excitations of the system the phonons with energy fitütq) . Any system 

containing a large number of particles can be described in terms of 

quasi-particles representing the low lying excitations of the system. 

The quasi-particles for the electron system, electrons and holes, 

have crystal momentum hk and energy c(k). The equilibrium distribu-
o "*" 

tion f (к) for the quasi-particles is similar to that of a free elee-



tron gas: the Fermi - Dirac distribution 

f
0
(k) = [exp(c(k)/k τ) + 1 ] "

1 

13 

The Boltzmann equation is the starting point for practically all 

calculations of the resistivity today. It describes the detailed 

balance in the electron distribution function f = f(t, r, p). In the 

steady state in a homogeneous conductor, — = 0 and — = 0, and the 
3r 

electrons have their momenta changed by scattering processes and by 
У 

the appl ied e l e c t r i c f i e l d E. For the t o t a l time d e r i v a t i v e we f ind: 

<"<P>1 + r d f t p > i = о 
dt J ^ L d t ' s 

s c a t t E 

r d f C p ) , 3f 3f 3r 3f Эр 3f -* 3f -»•„>•. -> 
[IE K= эГ + 7 эІ + ^ a t = 7 · e E = Г^Г (к)-еЕ 

E 3r Эр Эр Эе(Ю 
У 

->• -> Эг ile) 
with ν(к) = and e is the charge of an electron. 

Эр 

If we only consider electron - phonon scattering where an elec-

tron with momentum к is scattered to a state with momentum k', with 

absorption or emission of one phonon, we find 
- * • 

scatt k',q 

[1 - f(k)][N(q) + 1] - f(k)[l - f (it·)] N(q)} 

- > - >• 

where g(k,k') is the matrix element describing the electron-phonon 

interaction. 

Coupled to this equation is the Boltzmann equation for the dis-

tnbution function N (q) of the phonons 

- » • 

M l
<
l L

=
2 E Igik.k')!

2
 6 [

e
(k')-

E
(k) - h

u
(q)] 

к к' 

{ftk'Hl - f(k)][N(5) + 1] - f(k)[l - ftkMlNCq)} 

The scattering process assumed above is only possible under momentum 

conservation so that к - к' = q + G, where q is in the first 
- > • - * . 

Bnllouin zone and G is a reciprocal lattice vector. If G = 0, then 

the process is called normal scattering; otherwise it is called 

6 



Umklapp scattering. The importance of Umklapp-processes for the re-
9 

sistivity, as already indicated by Peierls , lies in the fact that 

they produce large changes m electron velocity, so that at low tem

peratures each Umklapp-process produces a large contribution to the 

resistivity, while each normal process produces only a small contri

bution. 

The above equations only describe the coupling between the elec-

tron and the phonon distribution, but f(к) and N(q) may be determined 

by other scattering processes too. For the electrons, for instance, 

electron-impurity scattering may dominate other scattering processes 
-> 

and so almost totally determine f(k). For the phonons, it can be that 
-»-

N(q) retains its equilibrium form, because it is totally determined 

by phonon-impunty or phonon-phonon scattering. If the phonons are 

not in equilibrium, it means that they do not lose fast enough by 

other scattering processes the momenta they obtain from scattering 

with the electrons. In such a case, the resistivity from the electron-

phonon interaction will be lowered, because the phonons drift in the 

same direction as the electrons, and one speaks of (partial) phonon 

drag. 

The resistivity ρ of a metal can be calculated, once the distn-

bution function for the electrons f(к) is known. The conductivity 

14 
σ = 1/p, can, for instance, be written as 

-»•-*•-*• Э f ι -* ι -*• 

a = Σ e v(k).E ΨΜ , where ^(к) is the deviation function 

к 

defined by 

о ->• 

f(к) = f (к) + —• — Ф(к) , a first order expansion around equi-

Эе(к) 
librium, ^(k) can be thought of as the shift m energy of a single 

particle 

f (k) = f
0
[e(k) + Ф(Ь] . 

An important help in the calculation is the variational result 

found by Kohier . The resistivity calculated with a trial function 

for У(к) will always be higher than the real resistivity under the 

condition that all the physics of the scattering processes is cor-

7 



rectly included in L —г^—J 

scatt 

To obtain the low temperature behaviour of the resistivity in 

simple metals due to Normal and Umklapp - processes with no phonon 

drag present, it is instructive to take as a trial function φ 
. - > - » - - » • - * · 

^(k) = v(k).E 

This trial function is a good approximation for the situation in 

which w(k) is determined by isotropic impurity scattering. For a 

spherical Fermi surface, as in the case of potassium, this would 

result in 

ФАк) " к .E 

Then the resistivity can be written in the following form, after 

converting the sums over к into integrals over the Fermi surface S 
-У 

and over the energy ε(к) and integrating over the energy variables: 

d S
k
 d S

k ' ,->-> - » - - » - 2 •+->•? -y 

Ρ < e
1 f ^ \ ^ * IvíkJ-vík·)! І д С к Д М Г F(h

W
{q)/k τ) 

|v(k) || vík1)! 
= с" ƒ dSk dSkI (1 - COS0) |g(5 + G) | 2 F(htü(q)/kBT) 

-> -> 
k'k' 

where the second result is for the isotropic case. Here cosO = 
|k| Ik'l 

c' and c" are constants, and F(x) = x/[ (e - 1) - (1 - e )] 

results from the energy integration. The quantity F(fno(q)/k T) is the 
14 

source of all temperature dependence in ρ 

At lower temperatures the momenta of the phonons which can be 

excited will be small. By determination the small-q dependence of the 

2 
velocity transfer (1 - coso), and of the squared matrix element g , 

and also of the number of momentum states in the allowed portion of 

phase space : ƒ dS dS ,, one can obtain the temperature dependence 

of ρ via ρ
 α
 ƒ q F(hü>;(q)/k T)dq « Τ 

В 
-ν 

For normal scattering, G = 0, one obtains for the matrix element 
n 

g(q) <* /q and thus g
 α
 q, for the velocity transfer 

2 2 
1 - соз

 α
 Θ

 σ;
 q and for the phase space integral q dq (see figure) . 

8 



Possible orientations of к ' for normal ecaLtering. 

This results in the well known Τ form for normal scattering without 

phonon drag (Bloch - Grüneisen law). 

For Umklapp scattering, the situation is more complex. For po-
->-

tassium a minimum phonon momentum q . is necessary for an Umklapp 
- » • - » · - > -*• 

process to take place. Momentum conservation gives к - к' - q = G. 
-*-

This process is impossible for q << k, because 2 k < G for all 
max 

reciprocal lattice vectors in potassium. 

The form of ρ at low temperatures for Umklapp scattering is then de-

terminad by the fact that the integrand is zero for ω < ω = ω(q . ). 
So the resistivity is dominated by F(hco /k T) = 1 - hu /k„T and a 1

 m В. m В 
/le Τ 

resistivity results with the form ρ
 α
 Τ e В 

If no such minimum vector is needed for an Umklapp event, as in the 

case of aluminum, then for temperatures low compared to a tempera

ture Θ that is associated with distortions of the Fermi-surface, the 

Umklapp scattering behaves similarly to normal scattering. This again 

results in a Τ form. This term is much enhanced compared to normal 

scattering because .it results from scattering on the Fermi surface 

near the distortion, which has a large curvature and thus a large 

velocity transfer |v(k) - vtk
1
)] . 

At higher temperatures the velocity transfer will become more 

or less constant and the electrical resistivity will become less 

9 



2 
steep, going to Τ for temperatures higher than 0 . 

If phonon drag is present, as is possible for potassium, the 

phonon system will have a drift velocity almost the same as the drift 

velocity of the electrons, and then normal electron - phonon inter

actions will not be effective. Umklapp-processes do relax some momen

tum to the lattice, and they become the dominant resistivity proces

ses at low temperatures resulting in 

„
 m

n -hu /kT _ 
ρ Œ Τ e m Β for potassium. 

Electron-electron scattering 

That electron - electron scattering can be a cause for resis-

2 
tivity in metals was long realised, and even the Τ form was already 

10 2 
derived in 1936 . The Τ form can be derived by observing which 

electrons take part in the scattering process. 

Three rules govern the possible electron states, namely: (1) momentum 

conservation 

- > • - > - > - - > • - > - - > - » -

к + k
9
 - k' - k' = G, where к is the momentum before and k' the 

momentum after the event for one of the electrons, and similarly for 
-> -y 

к and k' for the other electron; (2) energy conservation 

e(к ) + ε(к ) = ε(к') + ε (к'); and (3) the Pauli exclusion principle. 

This results in the following restrictions 

k
1
 >

 V
 k

2
 < k

F
,- Ч , k' > k

F 

where к is the Fermi-momentum. 

Now all electrons involved must come from the region around к where 
F 

->- -> 
f(к) is different from either 1 or 0. This is a shell in к space with 

к Τ 
radius к and thickness Дк = В к with ε the Fermi-energy. 

F — F F 
E
F 

Thus if к lies in this shell, electron 1 cannot lose more energy 

than к Τ, or the state into which it is scattered would already be 

occupied. Because of conservation of total energy, electron 2 cannot 

gain more energy than к T. So all states involved m the scattering 

В 

must lie in this shell. 

The scattering probability l/τ is proportional to 

1/τ <* ƒ Ihtkj - k')|
2 δ [εΟ^) +

 e
(k

2
) -

 E
(kJ) - ε(ϊ^)] d ^ d

3
^ 

10 



where hik. -к') is the matrix element for scattering from к to k'. 

This integral is proportional to the area in k-space within the in

tegration boundaries. Thus 

2 2 
ρ

 a Ι/τ « (Дк) « Τ . 

Although the expected form was well known, electron - electron 

resistivity was not detected until recently m the resistivity of 

simple metals, because the magnitude of the term is small compared to 

other resistivity sources. This is due to the very effective scree

ning of the Coulomb forces between the electrons. The total electron 

system will react to the movements of an individual electron so as 

to shield its influence. This screening is also a reason why we can so 

successfully treat the electron gas as a system of nearly free par

ticles. 

The matrix element of the interaction is proportional to 

-*• ->• 1 

h(k - k' )
 II
 — , with к a screening wave vector. This 

lit, - k.'l + к
 S 

1
 1 1 ' s 

matrix element describes a screened interaction potential in real 
s 

space V(r) Œ (e ) /г , instead of the Coulomb interaction V(r) σ:
 1/r. 

The Coulomb interaction is a long range interaction; the screened 

interaction is effective only for distances smaller than 

1/k = 10 m. The electron-electron interaction is a sensitive func-
s 

tion of this screening parameter, which however is not known well 

enough for calculations more precise than a factot of 2 or maybe 

even 10 . 

Electron-electron scattering is only expected to give a contri

bution to the resistivity for that part Δ of the events which involve 
-*• 29 

a reciprocal lattice vector G ^ 0. Calculations of the resistivity 
2 

ρ , , from electron scattering give ρ 'ν Δ/η , where η is the 
el-el el-el 

electron density. This results in an expected ρ for aluminum 

smaller than for potassium: the high Δ {^hì for aluminum, because 

of its distorted Fermi surface, is compensated by the low electron 

density in potassium (Δ ^ 1/15,η /n ъ 0.08). 

Concluding remarks 

To separate out the different contributions from the above men-

11 



tioned possible mechanisms for resistivity in simple metals, one 

needs very precise measurements of the resistivity as a function of 

temperature. 

The "old" Bloch - Grüneisen Τ law for the limiting behaviour 

at low temperatures seemed to be well backed up by the data that 

existed 15 years ago, as reported for instance by reference 30. This 

situation was changed when the resistivity of purer samples was pre

cisely measured (1 part in 10 ), for instance by reference 31 and 32. 

Umklapp scattering was shown to be important and at the same time 

many theoretical papers on this subject were published. 

The higher precision (1 in 10 ) that can now be obtained, makes 

it possible to search for and detect such long predicted phenomena 

as phonon-drag and electron-electron scattering in the low tempera

ture resistivity of simple metals. 

12 
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2. Experimental Details. 

2.1 Introduction 

The experiments started with measurements of the linear magne-

toresistivity in potassium. Apart from the difficulty of preparing 

well defined samples, some problems were encountered with the high 

precision ac measurements of the resistivity in high magnetic fields. 

At the same time the possibilities were investigated to build a high 

precision dc apparatus for these measurements : a current comparator 

based on the use of magnetic materials with high permeability. When 

. 1 2 

in the articles of Gugan and especially Kaveh and Wiser the possi

bility of detecting phonon drag in the temperature dependent resis

tivity at temperatures below 2 К was indicated, the whole system was 

in principle already fit for these measurements. The first sample 

of potassium that was reported on (see chapter 3.2) was still measured 

with a more conventional system with two independent current sources, 

giving an accuracy of 2 parts in 10 . The current comparator was 

steadily improved upon, giving in the end an accuracy of 1 part in 

7 

10 . Because the resistivity of pure samples is small at low tempe

ratures and the dimensions of the samples are restricted to within 

certain limits by experimental considerations the total resistance of 

the sample is always low (10 - 5 x 1 0 Ω). Thus a measuring cir

cuit with low impedance for dc currents had to be constructed that 

also had thermal emf's as small as possible. After some experiments 

a geometry was conceived with a superconducting flux-gated galvano

meter within extra magnetic material that at the same time preven

ted the ac energy needed to drive the galvanometer to dissipate in 

the bridge circuit and made the galvanometer less sensitive to chan

ging outside magnetic fields. 

Also several reference resistors were made with comparable low re

sistance (10 - 10 Í!) , small temperature coefficient — — < 10 

and no measurable current dependence. 

The whole set-up for the electrical measurements was the first 

system with such a precision to function for such small resis

tances. The full details are described in section 2.3. 
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For high precision measurements of the temperature dependence of the 

resistivity one has also to pay proper attention to an accurate tem

perature determination. Although all procedures were standard by them

selves , a lot of work was involved to make all determinations to 

within about the same accuracy of 2 mK or better, especially because 

different practical temperature scales were involved in the original 

calibrations of the thermometers used. The obtained accuracy compares 

well with that obtained in several national laboratories as reported 

in Ref. 4. The details are described in section 2.2. 
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2.2 Thermometry 

Introduction 

To determine accurately the temperature dependent resistivity 

of metals at low temperatures, it is not sufficient merely to have a 

high resolution in the electrical measurement alone. With the better 

than one part per million (1 ppm) resolution in the electrical mea

surement that can now be obtained, the temperature measurement is 

often the limiting factor for establishing the form of the tempera

ture dependent resistivity. 

In the choice of a practical temperature scale and thermometer, 

there are two main objectives. Firstly, the temperature Τ indicated 

m 

by the thermometer should be as accurately as possible equal to the 

'true' thermodynamic temperature Τ . Secondly, and at least as im

portant for resistivity experiments, the scale should be smooth. Of 

course, the measured temperature must be reproducible from one run 

to another and the scatter small. 

An important way of analyzing the data in this thesis makes use 

of the derivative of the resistivity: Δρ/Δΐ
1
 = [ ρ (Τ ) -ρ (Τ )] / (Τ -Τ ) : 

this is the difference in resistivity Δρ between two nearby tempera

tures divided by the difference in temperature ΔΤ (the magnitude of 

ΔΤ was chosen between .1 and .25 K). The accuracy in ΔΤ limits the 

ultimate accuracy of these plots even for the temperature region 

where the scatter in temperature is the smallest (around 1.8 K). 

The thermometry in the present experiments was based upon the 
4 

measurement of the temperature of the liquid He bath. 

4 

The samples were always immersed in the He-liquid and no tempera

ture difference is expected between the samples and the bath. 
The methods used to determine the bath temperature were 

4 1 

1) measuring the He vapour pressure of the bath (T ) 

3 

2) measuring the He vapour pressure of a copper bulb, containing 

3 2 4 ' 

condensed 99.5% He , which was immersed in the He liquid (T„)' 

4 

3) measuring the resistance of a germanium resistor calibrated 

against T^
n
 and the NBS_ .. scale ' . 

b¿ ¿~¿\J 
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The scales were checked explicitly at three calibration points 

(one at the upper, one in the middle and one at the lower end of the 

temperature range used), namely the superconducting transition tempe

ratures of aluminum (calibrated against Τ scale) and of indium 

b¿ 
(calibrated against Τ scale) and the superfluid transition 

NB5 z—¿U 
4 

temperature of He (T , on the Τ scale). 
λ bü 

Although there was some inconvenience in having calibrations 

done on different scales, this could be corrected for, as intercom-

pansons between the scales exist. All temperatures measured were 

expressed on the Τ scale and our different thermometers showed no 
bo 

inconsistency with one another after due corrections. 

Technical details 
4 

A. The He measurement 

The most direct way to obtain a temperature on the Τ scale 

4
 5 8 

is to measure the vapour pressure above the He-bath. The connection 

between the pressure meters and the bath was a stainless steel tube 

of 6 mm diameter beginning just above the bath level, ending at room 

temperature and, from there on, copper tubing. To prevent resonances 

in the stainless steel tube, some damping material (cotton) was in

serted into it. The connections to the various pressure meters are 

indicated in figure 1. 

The most important meters are two factory calibrated quartz-tube 
Q 

manometers measuring differential pressures, one with a maximum 

reading of 100 Torr and a resolution of .0005 Torr and one of 1000 

Torr with a .005 Torr resolution. The manometers showed quite large 

drifts in zero readings over long periods that had always to be cor

rected for. For example, for the 100 Torr manometer it was 70 mTorr/ 

year. After correction for this drift the readings were stable over 

the years as can be seen m figure 2 where ρ as measured by the 

100 Torr manometer is plotted. An additional drift of the manometer, probably because of changing room temperature, correspond to bath 

—5 —6 
temperature changes between 10 and 10 K/hour. Other correction 

that were applied to the manometer readings were 
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1: Détermination of the vapour pressure of He and He 

systems. 

The main pressure meters are the tuo quartz manometers. 

The pumps make possible a regulation of the vapour pres-

sure above the He bath in the cryostat between 0.1 and 

760 Torr. Abcroe 3 Torr the pressure can be automatically 

stabilized via a feedback system that incorporates an 

electrically operated valve. 

Legenda: 

1. Cryostat with liquid He and a copper bulb with Ivquid 

he. 

2. Mechanical pumps. 

4 

3. To He gastank. 

4. He gastank. 

5. Edwards oil booster pump. 

6. Quartz tube differential manometers 0-100 and 0-1000 

Torr. 
_3 

7. Thermistor gauge 10 - 20 Torr. 

в. Ionisation gauge 10 - 1 Torr. 

9. McLeod gauge 0-2 Torr. 

10. Ashcroft digigauge 0 - 1000 Torr. 

11. Amplifier in feedback circuit. 

12. Electrical valve. 



pressure meters ' pressure regulation 

-9--® 
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Fig. 2: Measurement of the vapovœ pressure ρ of He at the super-

fluid transition temperature. No drift is visible over 4 

years of operation. The value given in Ref. 1 is 

p, - 37.80 Torr. 

1) calibration and oven-temperature corrections as supplied by the 

manufacturer of the quartz tube manometers; 

2) the pressure at the reference side of the differential meters. 

This pressure was usually around 20 mTorr and was measured with 

9 in 

a thermistor or an ion gauge meter ; 

3) above Τ the pressure head correction . This caused the biggest 

error in the temperature determination via this method, even after 

long stabilization times (1 hour typically); 

4) below 1.5 К a thermomolecular pressure correction was applied. 

This correction was calibrated at the Τ of aluminum and was found 

с 
to be 25 + 5 mTorr at this temperature depending on bath level. 

This is also the magnitude that is to be expected from literature 
11,12 
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The agreement of the results of the calibration at T, and the Τ 

А с 

of indium with the expected pressure values indicated that no other 

corrections were necessary. No correction was applied for an extra 

13 4 

temperature gradient over the He liquid-gas interface, as no indi

cation of such a gradient could be found. At low pressure (< 2 Torr) 

14 4 

a McLeod gauge was also used to measure the He pressure. 

B. The He measurement 

The He vapour pressure was measured below Τ as a check mainly 

λ 

on the scatter in the determined temperature via Τ . The Τ scale 

bu b¿ 
is defined so as to agree as closely as possible with the Τ scale. 

15
 8 

The differences found in various realizations of the two scales are 

within a scatter of 0.2 to 0.3 mK. We measured the vapour pressure of 

He, condensed in a copper bulb that was immersed in the superfluid 

4 

He-bath. The bulb had copper fins at the inside and outside for bet

ter thermal contact. The tube from the bulb to the outside of the cry

ostat had no extra vacuum shield around it, so the He-measurements 

were only possible below Τ . There was a systematic difference of 

T
c
 - Τ = 1.4 mK with a scatter around this value of + 0.1 mK in 

OZ DO — 

the temperature range from 1.6 К to Τ , growing to + 0.5 mK below 

A — 

1.6 K. A couple of typical Τ - Τ determinations are shown in 

62 58 

figure 4. The systematic deviation is probably due to a combination 

of radiation heat input via the tube and the high Kapitza resistance 

due to the too small dimensions of the copper fins of the He bulb. 

C. The germanium measurement 

4 
The germanium thermometer was calibrated at the factory against 

T,.., between 1.5 and 2.0 К and against Τ,,,,,,- .. from 2-20 K. The 
62 NBS2-20 

claimed accuracy is 3 mK below 2 К and 5 mK below 5 K. The differen-

ce between the T,.. and T„„„_ _„ scale is large at 2 К (% 6 mK) ' 
62 NBS2-2U 

This is reflected in the step around 2 К of the T, -T
c
- curve in 

r
 Ce 58 

figure 3. The germanium thermometer was used for Τ > Τ especially 
4
 λ 

just above Τ where the He vapour pressure method has the largest 
A 
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Ргд. 3 Comparison between the temperature Г„ as determined from 

the vapour pressure of He (Τ 0 scale) and the temperature 
b о 

T„ determined with a factory calibrated germanium thermo

meter. This thermometer was calibrated against Tfí9 below 

2 К and against Г ^ ^ above 2 К. T ^ - ̂ BS2-2Ö ÍS about 

6 mK at 2 К. This causes the sharp rise around this tempe

rature for T^ - T., . 
J Ge He 

The scatter above Τ is typical for the reproducibility ob-
л 

tained between different runs and is caused by the difficul

ty of determining Τ . 
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The reproducibility of the germanium thermometer at Τ was bet

ter than 0.5 mK and no drift was found over several years 

-4 
(AR/R < 10 over 4 years). The resistance was measured with a low 

17 -5 

frequency AC bridge with an accuracy of 4 x 10 and a resolution 

of 2 x 10 . The dissipation in the resistor was below 3 χ 10 W, 

which should be sufficient to keep the self heating below 0.1 mK 

D. Calibration points 

The pressure ρ at the superfluid transition temperature of 

4 
He was determined by slowly heating the bath through the transition 

and noting a jump in resistance of a carbon resistor, due to the 

4 
change in heat conductivity of the He liquid. 

4 
Because of the large heat capacity of He at Τ the pressure will 

λ 

stabilise for some time at ρ making possible a resolution of 1 

mTorr. The pressure ρ has also been determined by actually measuring 

4 18 

the heat conductivity of the He to find Τ 

A third method to measure ρ was to make use of an instability 

in the pressure regulating system in a millikelvin temperature in

terval ]ust above Τ . Some values for p. as determined m these three 

Λ A 

ways are plotted in figure 2. They all gave the same results 
ρ = 37.83 + 0.015 Torr with no drift over several years. No correc-
λ — 

tion was thought necessary for the difference with the Τ value of 
JO 

37.80 Torr (this difference is equivalent to a ΔΤ of 0.3 mK). 

The Τ of aluminum as determined by the National Bureau of 
c
 7 

Standards was Τ = 1.174^ + 0.002 К against T^„ (reference 16 gives 
с 6 - 62 

1.176. К on this same scale). 
4 

The value of reference 7 was used to calibrate the thermomole-

cular pressure correction. When compared to a value of Τ determined 

with a calculated correction this gave a difference of 0.9 mK: 

just between the two quoted values of Τ (see figure 4 ) . 

The Τ of indium was given as 3.416., + 0.0015 К against 
C
 15 

Τ . . This was corrected to 3.409 + 0.002 К (reference 16 
NBS2-20 

gives 3.407 K) on the Τ scale giving a pressure of 318.26 + 0.8 

Torr, we measured 318.10 + 0.05 Torr. 
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Fig. 4 Checks on the difference between the temperature as detar-
4 

mined from the lie vapour pressure (T J and Trn. 
J - * measured 58 

A) The three dots represent the differences between 

Τ , and official values of some transition tempe

ratures expressed on Ihe Τ,„ scale. The Τ of aluminum 

was used to revise a calculated correction term (see 

refs. 11 and 12). 

B) The crosses represent some typical differences found be

tween Τ , and the temperature determined from a 

measured r
 * 

He vapour pressure measurement. 

C) The solid and interrupted lines give resp. the estimated 

error and scatter in ihe temperature determination from 

He vapour pressure. 

Note that the small error at the lowest temperatures is obtained 

only after using the Τ (Al) to determine the thermomolecular pres

sure gradient (see text). 
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Results and conclusion 

The total absolute error in the temperature measurement Τ -Τ 

m th 

is a sum of Τ -Τ •< the error in our measurement, and Τ -T . 

Measurements since the publication of reference 1 (see for in

stance Refs. 5,15,19,20) have shown that Τ.. -Τ rises from 3 mK at 

th 58 

1 К to 7 mK at 4 К in an almost linear fashion. The difference be

tween the two temperature scales Τ -T,_. as given in Ref. 16 is re-

7D 58 

produced in figure 5. 

Туб-ТбвОСГК) 
10 

Τ (К) 

Fig. Ь Comparison between the 1975 provisional temperature scale 

(T76) and TS8 (from Ref. 16). 

The error in our measurements Τ -T,-„ is estimated from the in
ni 58 

tercompanson of the calibration data as discussed in the preceding 

section and is comparable to the differences found m diverse reali

sations of Τ by different national laboratories as reported m re

ference 15: a typical spread m these realisations of Τ of 1 mK is 

58 

found for the temperature range from 1.4 - 4.2 K. 

The scatter in the temperature measurements as found by measuring 

4 

the He pressure is indicated in figure 4. Just above Τ the tempe

rature determination by the germanium thermometer gave less scatter 

(< 0.5 mK) than the temperatures deduced from the vapour pressure. 
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The scatter has been determined by analyzing the differences between 

the thermometers in a series of runs and also by comparing the mea

sured resistances of our samples with different heat input in the 

4 
He-bath and with different bath levels. 

The achieved accuracy is estimated at + 2 mK above Τ and some

what better below Τ . The scatter is O.S mK or better. The accuracy 

and scatter that we obtained compare well with different published 

realisations of Τ . (See figure 6). A better approximation of the 
bo 

thermodynamic temperature could have been achieved if a correction 

like Τ -T had been applied. But in view of the very smooth cha
zo bö 

racter of this correction term, and the relative inaccuracy of the 

theories that are used to analyse the measurements, no such correc

tion seemed necessary. 

T-T (10"3K) 

Fig. 6 Diverse realisations of T.. by some national laboratories 

as reported in Ref. IS. Germanium thermometers, calibrated 

on ТсЯ in fzve laboratories, were checked against one 

another. Indicated by the various lines are the differences 

found between the temperature Τ indicated by each thermo

meter and the mean temperature Τ from all five thermometers. 
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2.3 R e s i s t a n c e measurement 

Semiautomatic bridge for high-precision dc resistance 
measurements on pure metals at low temperatures 

H van Kempen, H W Neyenhuisen, and J H J M Ribot 

Physics Laboratory and Research Institute for Materials. Umvenity of Nijmegen. Toernooiveld Nijmegen 
The Netherlands 

(Received 21 August 1978) 

A self-balancing bridge system with a dc current comparator and a superconducting flux-gated 
galvanometer is desenbed The bridge is capable of measuring small resistances (10 4-10 7 

Ω) at liquid helium temperatures with an accuracy of 1 ppm 

INTRODUCTION 

Recently Lhere has been a greatly renewed interest in 
the temperature dependence of the resistivity of pure 
metals The renewed interest stems from new theoretical 
insights (see for example Lawrence and Wilkins' or 
Kaveh and Wiser2) and from the present availability 
of very pure metals which allows a more meaningful 
comparison between theory and experiment However, 
a useful comparison is possible only when highly ac
curate measurements can be performed at low tem
peratures This poses serious experimental problems 
Firstly, one is forced to use quite thick samples to 
prevent the scattering of (he electrons at the surface 
dominating all the other scatte π ng mechanisms This 
means that the resistance of the samples becomes very 
low (10"*-10~8 Ω) Secondly, even for very pure metal 
samples the variation of the resistance in the liquid 
helium temperature range is only a small fraction of the 
total resistance Therefore very high accuracy measure
ments are necessary to determine the temperature de
pendent part precisely In this paper we describe a semi
automatic bridge system, which allows high resolution 
and high-accuracy resistance measurements The appli
cation of a very simple, rugged, sensitive supercon
ducting null detector ensures that high resolution is also 
obtained for the very low resistances that are en
countered in the study of very pure metals The semi 
automatic feature of the bridge means that only the three 
most significant digits have to be set manually, while 
the remaining digits are set automatically This feature 
has proven to be also very convenient for intercompan· 
son measurements of standard resistances at room tem
perature with a conventional null detector 

I. DESCRIPTION 

A. Bridge circuit 

The bridge circuit consists of a current comparator 
delivering two direct currents. It and / ¡ , to two resist 
anees, R¡ and /?2 (see Fig 1) A superconducting 
galvanometer compares the voltage drop across both 
resistances and drives the bridge into balance (I1 R1 

= Λ Ä2) via a feedback system The high accuracy in 
the ratio /,//2 that can be attained with this setup comes 

in principle from the double core magnetic modulator3 

in the current comparator It compares the magnetic 
flux from the two currents by passing /2 through 1000 
turns wound around the core and 11 through an adjustable 
number Nl of turns wound in the opposite direction 
Very small unbalances of 10 μΑ turn can be detected 
Also the linearity and accuracy of the system are very 
high with some care in distributing the turns evenly 
around the core it is possible to make the flux of indi 
vidual turns in the modulator equal to 1 part in 10T 

McMartin and Küsters3 found a comparable error in their 
comparator, namely 5 parts in 109 in the 1000 to-1000 
turns ratio 

lock 
ampli 

Γη"Ί 
itier Γ 

-éJ 

( / * ) Qdlvanome'er 

FIG 1 Bridge circuit to measure the ratio of two resistances R, 
and Rj at low temperatures A current (.ompdrator delivers two 
currents ¡, and Λ to the bridge circuit A superconducting Лих gated 
galvanometer serves as a null detector and sends a feedback current 
via an integrating amplifier to the current comparator The rado 
Д]/Лі can be read when both the galvanometer and the lock in 
amplifier arc m balance Then Rl Rt - ІгІ - /ν,/ΛΊ * ΝΛ1>\ίίχ 

The first three decimal places of the ratio if, Я а are set manually 
(Ν,) the next decimal places can be read from the digital ratiometer 

Rtv Sci Inttrum 50(2), Ftb 1970 0034-6748/79/020161 ·04$00 βΟ © 1979 American Instituís of Phyilc· 



To achieve a high resolution it is important to have the 
total resistance of that part of the bridge circuit that is 
at low temperatures as small as possible Especially the 
potential contact resistances to /?, and R2 should be 
small compared to /f ι + Rz Also /?, should be about as 
large as К г as the resolution detenorates with a factor 
Я/ЯгОгЛг//?, whichever is the largest In the described 
apparatus the resolution for the measurements of small 
resistances is determined by the minimum current / m i n 

that the galvanometer can detect This gives a resolution 
(and accuracy) in R^Rj of 2 / „ , ! „ / , or with the gal 
vanomeler to be described below somewhat better than 
5 parts m IO7 for /, - 0 1 A For resistance measure 
ments at temperatures where the supeiconducting 
galvanometer cannot be used a nanovoltmcter4 has 
been used as a null detector This makes it possible to 
••each a resolution in Ä./Äj of 10 9VfiRt /λ)οτ5 χ 10 \ 
whichever is larger 

The bridge is made semiautomatic by a feedback 
loop The number of turns N, should first be manually 
set so that to within 0 1% \ , / N 2 = Λ,/Λ, The bridge is 
then brought into balance by a current /3 through extra 
windings N3 /3 is generated by an mtegraling amplifier 
that amplifies the error signal of the galvanometer 

Balance is achieved when / ¡ is such that both the 
galvanometer and the current comparator read zero at 
their detection windings (see Fig 2) T h e n / , / ^ = R^Ri 
and N , / , - /VJ/J + /V3/3 = 0 The ratio of the feedback 
current /3 to / , is proportional to the 4th-8th digit of the 
ratio R,fR2 A digital voltmeter3 in the ratio mode is con 
nected such that this last ratio can be directly read in 
ppm The open loop gam of this feedback system is 
sufficiently high (> 105) to keep the tracking error below 
0 01 ppm 

В Current comparator 

The current comparator was built according to the 
principles described by MacMartin and Küsters3 with 
several modifications to make it more suitable for auto
matic operation The double core magnetic modulator 

is the heart of the apparatus It is built with two mag 
netic rings6 (dimensions 200 χ 160 χ 25 mm) with 
layers of 0 05 mm thickness of Ullraperm 10 The rings 
arc modulated by a square wave current /m which is held 
constant m amplitude by a Zener diode with a stability 
of 10 V 0C The number of turns of the modulation 
windings around one ring is 50 around the other the 
number could be set after the apparatus was completed 
This makes it possible to correct slight unbalances due 
to different magnetic characteristics of the two rings 
In our case there was a 4c/c difference in the self indue 
l ion per tum between the two rings The shielding around 
the rings with modulation and detection windings is 
made of layers of Mu metal spirally wound on the inside 
and outside of the rings to a total thickness of 10 mm 
Around this shielding (he ratio windings arc wound The 
number of turns for current /2 is 1000 f o r / , 10 and for 
/, the number can be set between 1 and 1100 

By making the open loop current gam of the com 
parator sufficiently Urge (>10s) the (racking error of this 
part wil l become negligibly small and so no further ad 
justments are necessary This is a very convenient fea 
ture for automatic operation The large gain has the 
additional advantage of making the slave power supply 
nearly oscillatory This means that after a large un 
balance caused for example by switching the most sig
nificant digit or by reversing the current direction in 
both ratio windings the slave current approaches equi 
l ibnum in an oscillatory manner and so the ring cores are 
automatically demagnetized As a result no special pre 
cautions are needed in our system to prevent severe 
unbalances Even after an interruption of one of the cur 
rents, measurements wil l reproduce to within 0 2 ppm 
within minutes 

The current of the master supply is stabilized by 
immersing the current reference resistor m an oil bath 
together with a temperature sensor This gives a corree 
tion voltage on a summing point in the power supply and 
the stability achieved is better than 10 V C 

For measunng absolute ratios with high precision, 
several corrections of the order of 1 ppm have to be ap-

ili* *r —I / 2Ы 

F I G 2 Schematic diagram of the 
bridge circuit At left is the current 
comparator The switches 5, - St 
serve to determine and correct three 
possible errors originating in the 
comparator as mentioned in the 
text Swnch 5, is the usual com 
mutator for thermoelectric voltages 
The digital analog converter (D/A) 
has as an option the possibility to 
choose the decades to be plotted on 
the recorder tree ) 
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plied By taking into account the following three causes of 
error the ratios can be determined consistently with a 
precision of 5 x 10 й (ι) magnetic offset of the nng 
cores, (u) dc offset of the lock in amplifier (ni) dc and 
second harmonic content in the ac drive current The 
magnetic offset in the ring cores can be determined by 
reversing the current direction through the ratio wind 
ings (switch 2 in Fig 2) It appears that in our system 
this correction is current dependent probably via a 
temperature variation of the core The zero shitt of the 
lock in can be nulled by adjusting the offset of the dc 
amplification part of the lock in so that no change in the 
measured ratio is seen when the amplification of the ac 
part of the lock-in is varied Second harmonic or dc 
components in the modulating current ¡m should be kept 
small (-сЮ"4 /m) and their effect can be measured by 
switching the relevant commulating switches (big 2, 
switches 1 and 4) As an additional check on the three 
indicated errors we use the interclïange of /7, and R2 

Consistent results are obtained if indeed only the above 
three corrections are applied 

Linearity is difficult to test for all ratios but for some 
special ratios it could be tested to high precision and 
was found to be within the desired accuracy (IO-7) 

A drawback for some applications is the ac npple in 
the two currents /, and /j which is always present in this 
type of design The ripple is about 10 дА and can be re
duced (in principle) by using ring gores with less mag
netic material as well as by using more shielding An
other method to suppress the ac npple is desenbed by 
Erne and Luther 7 The suppression of the npple is 
especially important when a fast reacting device such 
as a SQUID is used as a null detector B However, our 
present galvanometer does not react to the ac component 

С Galvanometer 

The galvanometer is a modification of the system de
scribed by Poerschke and Wollenberger * It is built with 
four nngs of magnetic malenal16 (see Fig 3) The two 
inner nngs are, like in the current comparator, modu
lated to detect the magnetic flux from the dc current I, 
in the superconducting windings 

,^ШІ 

^ К 

Fir. 3 Superconducting flux gated galvanometer ia is the ac current 
to drive lhè inner magnetic rings into saturation ( - 1 kHz) I, is 
the measured dc current v u the becund harmonic signal to the 
lock in amplifier The outer nngs prevent ac losses via the dc circuit 
and serve as a shielding against magnelic interference 

FIG A Geometry of a comparison resistor made of copper wiih 5% 
phosphorus For the contacts copper blocks (hatched) are used 

A serious problem with this kind of galvanometer is 
the strong suppression of the ac signal due to the loading 
of the circuit by the very low impedance (=d0"6 Ω) of 
the dc circuit This can be remedied by placing magnelic 
nngs around the two modulated rings and then winding 
the dc signal loop also around these nngs (Fig 3) The 
outer nngs offer at the same time a very effective shield
ing against magnetic interference In addition, the gal
vanometer is placed inside a superconducting lead box 
for enhanced shielding 

The stability and sensitivity of the galvanometer are 
optimized when the dnving current 1а is about 20% 
larger than the minimum current needed to drive the nng 
cores into saturation The current sensitivity and the 
self inductance depend on the number of turns of the dc 
input circuit By varying the number of turns, a match 
to the impedance of the bndge circuit can easily be ob
tained For example, with 40 turns of superconduct
ing wire and a circuit resistance of 10~β Ω we had a 
sensitivity of 0 07 μΑ and a lime constant of 40 s The 
above-mentioned galvanometer has been in use for four 
years without failure and survived severe testing such as 
overloading with a 3 A current for an hour and accidental 
dropping 

D. Comparison resistor 

Making a resistor with a small temperature de
pendence (dR/dT) /?~l is difficult for small resistances 
(10 β Ω) The current path through the resistor should 
be well defined and not be influenced by the potential 
or current contacts So the geometncal factor, length 
divided by cross section, cannot be made too small 

We used copper with 5% phosphorus'1 as resistance 
m ate nal in a geometry as shown in Fig 4 Copper blocks 
were soldered in vacuum to the resistance mate nal with 
nonsuperconductmg silver-copper solder The contacts 
to these blocks were then made using superconducting 
wires with superconducting solder In this way several 
resistors were made, one with R = 10 * Ω and (dR/ 
dT)R-x = - 2 χ 10-e K"1 at 4 К and - 1 χ 10 5 K"1 at 
1 К Thermoelectnc voltages did not show up in the 
measurements when the resistors were placed in a liquid 
helium bath Within our measuring accuracy there was 
no dependence of the resistance on current (up to 1 A) 
or on magnetic field (up to I 1 T) Other resistance 
designs and mate nal s suitable for this application are 
discussed by Rowlands and Woods β 
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20 22 24 тга 
Fie 5 Measurcmenis at room lemperaturc of lhe lemperalurc 
dependence of the resistance of a 1 Ω standard resistor to mdiLdie the 
accuracy and reproducibility of the lompdrator The measurements 
were taken ovei several days 

II. RESULTS 

The desenbed feedback circuit can of course also be 
used advantageously for room temperature measure
ments As an example we show a typical measurement of 
the temperature dependence of a Ι Ω standard (Fig 5) 
For this measurement two 1 Ω resistances were inter-
compared while one was in a fixed temperature bath 
and the other in a vanable temperature bath As null de
tector, a nanovoltmeter1 was used The accuracy 
achieved (1 χ 10 7) is just at the level where errors 
caused by temperature fluctuations (2 ж 10~ IBC) be
come dominant 

In the measurements at low temperatures on pure 
metals the resolution obtained (5 χ IO-7) is limited by 
the temperature determination We used the 'He vapor 
pressure to stabilize and measure the bath temperature 
{He.j, scale) Fven after a week the difference m resist
ance between two good reproducible temperatures stays 
the same to within 5 χ 10"' but a plot of resistance 
versus temperature wil l show only the scatter from the 
temperature determination (Fig 6) 

Measurements with this system have been com
pleted for potassium" and aluminum1 1 with resistances 

Fie 6 Example of Ihc measuring error m the low lemperalurc 
measurement of polassium (see Ref 12) 

[р(Л -MWeiT) vsr 

fuiT) is a smooth function fitted for Τ = 1 4 A 2 К brror bars are 
the calculated errors resulting from scatter in (he temperature de 
terminalion (0 2 mK) 

varying between 10'' and ΙΟ"7 Ω The system can be 
used for still smaller resistances with the same resolution 
i f a suitable companson resistor is used The resistance 
m the potential contacts to the sample and compan
son resistor must then also be constructed with a re
sistance of the same order of magnitude as that of 
the sample 
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3 The electrical resistivity of potassium at low temperatures. 

3.1 Introduction 

In potassimo we studied the influence on the electrical resis

tivity of two phenomena: phonon drag and electron-electron scatte

ring. Both phenomena were predicted long ago. Resistivity from elec

tron-electron scattering ρ , , was however believed too small to 

el-el 

be seen against the background of the other scattering mechanisms , 

and up to 1971 the resistivity at low temperature was considered to 

5 2 
be consistent with a Τ form , excluding phonon drag. The measure-

3 4 

ments of Gugan and Ekin and Maxfield showed that Umklapp scattering 

was an important resistivity mechanism at low temperatures and indi

cated the possibility of phonon drag. These articles together with 

new theoretical calculations of Kaveh and Wiser prompted us to shift 

our attention to measuring the temperature dependent resistivity of 

potassium. 

The results of the first sample were reported in LT 14 (see 

chapter 3.2). Although phonon drag would fit the picture, too much 

uncertainty resulted from the fact that only one sample was measured, 

and accidental deviations from Matthiessen's rule might have deter

mined the result. Phonon drag was not generally accepted as existing 

in the resistivity of potassium at that time. 

To make a better interpretation possible, measurements had to 

be done on samples with higher residual resistance ratios and with 

higher precision. These experiments showed irrefutably the exis

tence of phonon drag, because the derivative of the resistivity came 

below the minimum value calculated for a situation without phonon-

drag. Another term was also detected that possibly represented ρ 

These results are briefly described in sections 3.2 and 3.3 and 

then in more detail in section 3.4 which also contains some data on 

magnetoresistance. 
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L.025 PRECISION MEASUREMENTS OF THE TEMPEPATURE DEPENDENCE OF THE RESIS

TIVITY OF POTASSIUM. 

H. van Kempen, J.S. Lass , J.H.J.M. Ribot and P. Wyder 

Physics Laboratory, University of Nijmegen, Toemooiveld, Nijmegen, 

The Netherlands 

The problem of the exact temperature dependence of the resistivity ρ 

of simple metals like potassium has attracted a great deal of interest re

cently . The theory of transport properties of simple metals like K, 

seems to be in a state to make very precise predictions about the tempera

ture dependent part of the resistivity p(T). This goal has been achieved by 

Kaveh and Wiser by taking phonon-drag contributions into account; they 

are able to show that their calculations are in very good agreement vith 

experimentally determined values of p(T) in the temperature region betveen 

2 К and 3 K. In view of the fundamental nature of this problem, it seems to 

be important to have data available, which are more precise than the now 

excisting measurements, in order to test the predictions of Kaveh and Wiser 

of the predominance of a e 
-A/T 

Л R 
term (where A is a constant), especially in 

the low temperature limit. 

The development of highly sensi

tive superconducting galvanometers 

enables one to measure the р(Т) with 

a higher resolution then hitherto 

obtained. A schematic diagram of the 

experimental set up we used for the 

resistance measurements on potassium 

is shown in Fig. 1. Two highly stable 

current sources provide accurately 

known currents I. and I„ to a stan

dard resistance R (of Cu with Be) 

s 

and the K-samule R . As zero-detec-
x 

• . tor (G) in'this bridge circuit we 

use a superconducting flux-gated 

Fig. 1: Schematic diagram of , . 7 ,-. ^ 

galvanometer . The two resistances, 

measuring circuit. .. , . . .. . „ 

the galvanometer and the intercon

nections of superconducting wire are 

m 
RsR; 
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Fig. 3: Derivative of the resistance versus temperature. 
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innersed in a liquid heliw bath. For températures below ¿.IT К (Т.) Л е 

temperature is deduced fron the helium vapour pressure Treasured by a quartz 
α 

manometer with чп acruracy of 0.02 rim Hg. Above T, the temperature is 

measured by a calibrated 0-themoir.eter (accuracy 0.00b K). The samples 

were prepared by forcing nolten potassium in a polytheen tube (length: 1C0 

cm, diameter: 0.9 mm). 

Thè results of the measurements of ρ (ρ » ρ + ρ(Τ)) are shown ir. 
о 

Fig. 2. ρ is found by nultiplying the measured currert ratio with the re

sistance of R (unfortur.ciely the R is slightly temperature dependent), 

and a geometrical form factor which is determined by measurirg Ρ at T7 К. 

Below 2 К D ( T ) , deduced from the p, depends strongly on how ρ is extrapola

ted to find ρ . Above 2 К our values of p(T) deviate systematically h' from 
0
 2 . . 

the values of Gugan what might be due to the uncertanty ir the geometrical 

factor or to the difference in the residual resistance ratio ('v 3000 for 

CTJ sample). To circumvent the extrapolation procedure the data are also 

presented as йр/ΔΤ where Δρ and ΔΤ are the differences of two consecutive 

data points. For Τ < 2.Ь К the data are well represented by ^ « Be" 

with A » 15. Deviations from this expression below 1<1.7 К may be due to 

the insufficient knowledge of the temperature dependence of R . 

Part of this work has been supported by the "Stichting voor Fundamen

teel Onderzoek der Materie" (70M) with financial support from the "Neder

landse Organisatie voor Zuiver-Wetenschappelijk Onderzoek" (ZWO). 

Present address: Physik Department, Technische Universität, München, 
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Low-Temperature Limit of the Temperature-Dependent Part of the Resistivity of Potassium 

H. van Kempen, J . S. Lass , · J . H. J . M. Ribot, and P. Wyder 
Physics Laboratory and Research institute for Materials. University of Nijmegen, 

Toemooiveld, Nijmegen, The Netherlands 
(Received 11 August 1976) 

The electrical resistivity of potassium has been measured with high accuracy between 
4.2 and 1.1 K. At temperatures above 2 К the dominant term Is of the form Τ θ ' θ / Γ , with 

в19.9±0.2 К, which is due to electron-phonon scattering under phonon-drag conditions. 
At temperatures below 2 К a weak dependence of the form A7S Is dominant, where s Is 
between 1 and 2. Tentatively one could ascribe this term to electron-electron scatter
ing. 

The theoretical understanding of transport prop
ert ies in simple metals is presently m such a 
state that it Is possible to make very detailed pre
dictions of the low-temperature behavior. Unfor
tunately, because of the lack of high-precision 
measurements, calculations of the low-tempera
ture electrical resistivity have not been submit
ted to a detailed experimental test. It is the pur
pose of this Letter to present such measurements 
on the simple metal potassium with a hitherto un-
obtalned precision. 

Recently it has b»en shown theoretically that in 
alkali metals the simple T ' Bloch relation should 
be invalid because of the presence of a phonon-
drag effect.1"' The contribution of the electron-
phonon scatteringPti.pt, should decrease exponen
tially in the low-temperature phonon-drag limit if 
only umklapp processes can remove momentum 
from the electron system. The data of Gugan1 and 
Ekin and Maxfield' a re found to be consistent with 
an exponential behavior between 2 and 4 K. How
ever, these data do not allow an unambiguous de
termination of the all-Important parameter char

acterizing the umklapp processes, a s a result, In 
part, of uncertainties in the extrapolation to Τ =0 
К. In addition, as has been realized long ago," 
there should be another contribution to the elec
trical resistivity, Pei-ei, due to electron-electron 
Interaction which should be proportional to T'. 
However, there Is considerable uncertainty about 
the exact value of the coefficient of proportionali
ty A P' · Lawrence and Wilklns' predict that for 
potassium, A = 0.17 pfl cm K" a . Using this value 
a s a guide one expects that below a temperature 
somewhere between 1 and 2 K, Pci.ci should be
come the dominant term in the temperature-de
pendent part of the resistivity p(T) and should 
clearly be detectable by high-precision measure
ments. 

In this Letter we present data which not only 
confirm unequivocally the presence of phonon 
drag in potassium but also allow the electron-pho
non scattering under condiüons of strong phonon-
drag to be specified much more exactly. We also 
report the observation for the first Urne of a low-
temperature resistivity effect which could be due 
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to electron-electron scattering, however, the 
strong sample dependence Is In disagreement with 
the theoretical predictions. 

To observe p(T) a high-accuracy measurement 
of the total resistivity μ is required to be able to 
separate p(T) irom the residual resistivity p0 An 
experimental difficulty is the low resistance (10"s 

O) of the samples due to the dimensions which are 
dictated by the experimental conditions. More
over, even for the purest samples, p{T) is only 
0.1% of p0 at 2 К and decreases rapidly at lower 
temperatures. A novel method had to be used to 
measure ρ with the necessary high relative ac
curacy (1 ppm). 

The resistance of the potassium samples was 
measured by comparing the unknown resistance 
Я, with a known standard resistance S , by means 
of a bridge circuit. The ratio of the two currents 
fed through the two resistances was controlled by 
a current comparator of the flux-gate type.'0 The 
unknown resistance, standard resistance, and 
bridge zero detector (a superconducting galva
nometer also based on the flux-gate principle") 
were all immersed in a liquid helium bath and 
were interconnected by superconducting wires. 
The voltage sensitivity of the galvanometer, with 
R, and R, of the order of 10"' ÍÍ, was 10"12 V. 
This enabled us to measure the ratio RI/R, with 
a resolution of 0.1 ppm and a long-term (24 h) re
producibility of 1 ppm. The details of the meas
uring circuit will be published elsewhere.13 

The standard resistance R, consisted of com
mercially available copper-beryllium. The slight 
temperature dependence of Ks was determined in 
a separate experiment with a relative accuracy of 
2 ppm. 

The geometrical factor for the samples was 
determined from a measurement at 77.β К as
suming a specific resistivity of 1.Э μΩ cm. Be
cause of the limited sensitivity of the galvanome
ter at liquid nitrogen temperature, the accuracy 
of the determination was 1%. Thermal contrac
tion between 77.6 К and liquid helium tempera
tures was neglected, this could produce a sys
tematic error of at most 0,5%." 

In the presently described experiment, Inaccu
racies in the temperature determination were the 
most important sources of error. The tempera
ture determinations were based on the He'-SB 
temperature scale and had an accuracy of 1 mK 
below Τχ and 5 mK above 74. A measure of the 
overall accuracy is shown in Fig. 1. The temper
ature ranges over which the samples were meas
ured are given in Table I. 

mi 
io io in is 

m'R 

» · \ 

Î. 

S i « 1 - ^ -

. . . ^ . 

10 ' • \ -
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9! D3 0 1 OS I t 07 HI 01 
1 'U '1 

FIG. 1. РСП/Г and pe|.„h/r versus 1/T. The dlffer-
ence betweenp<T) andpei_pi, Is the AT1 term. For 
clarity only Pei-ph/T of sample 2b Is given; the other 
samples practically coincide with sample 2b Closed 
triangles, р(Г)/Т of sample 1, open squares, p(T)/T of 
sample 2c, open circles, р(Г)/Т of sample 2b, closed 
circles, Pn.ph/T of sample 2b The solid line gives 
P e l - p h / r " 7 . 3 4 e ' " ' " r · The dashed line Indicates the 
estimated measuring error lnp(T)/Tv taking also Into 
account errors in Ra (Г) and Τ, but not the IX error in 
the form factor. 

The samples were prepared by forcing molten 
potassium14 (purity 99.97%) under helium pres
sure Into a 1-m-long polyethylene tube with an 
inner diameter of 0.9 mm which was equipped 
with copper contacts. We report on measure
ments on two samples. Sample 1 had a residual 
resistance ratio (RRR) of 3100. (Here the RRR 
is defined as the ratio of the 300-K resistance to 
the 0-K resistance.) Sample 2a was cooled down 
immediately after preparation and had a RRR of 
3000. After annealing this sample for two days 
at room temperature In a helium atmosphere, the 
sample (now called 2b) had a RRR of 8300. After 
storing this sample for 80 days at room tempera
ture in vacuum the RRR became 8100 (sample 2c). 
Sample 1 was measured with an accuracy and 
resolution a factor of 10 worse than sample 2. 
Preliminary results on sample 1 were reported 
by van Kempen. " 
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TABLE I. Summary of the results of the resistivity mcasurcmeots of potassium. The measured resistivity 1-
described by ρ • 
form factor. 

Ріі + р(Л withp(0 »BTc •" T+AT7. The error In ρ (4.0 К) Includes the uncertainty lathe sample 

Sample, 

IRRR) 
Temperature range 

(K) (K) do'pii cm K') 
A 

(pfi cm K";) 
ft 

(pii cm) 
Ρ (4.0 К) 
(pli en) 

1 13100] 
2a ІЭО00] 
2b leaool 
2c leioo) 

1.47-4.2 
1.22-4.2 
1.25-4 2 
1.10-4.2 

20.0*0.2 
19.B±0.2 
19.9Ό.1 
20.0*0.1 

8.05 
7.81 
7.34 
7.63 

0.27 * 0.02 
0.16 10.02 
0.135'0.01 
0.075*0.01 

2335 
2394 
1134 

878 

222 * 1.5% 
223 i 1.5% 
206*1.5% 
205*1.5% 

The measurements were analyzed under the as
sumption that the temperature-dependent part of 
the resistivity p(T) can be written as 

(1) P<7-)=Pei-«.+Pei-ph = * r I

+ i » r e - e / T . 

A meaningful analysis was possible because the 
measurements extend to temperatures at which 
one or the other term dominates (see Fig. 1). A 
least-mean-square fit of the expression (1) to the 
experimental points for each sample was achieved 
within experimental accuracy. For simplicity we 
present the results of the analysis for η = 1 only, 
although satisfactory results were obtained for η 
between 0.7 and 1.1. The results are summarized 
In Table I, together with the value of the residual 
resistance p0 which was obtained by extrapolation 
by means of formula (1). 

The basic nature of the parameter 9 Is demon
strated in Table I, where It is seen to be sample 
independent with a value of θ =19.9 ±0.2 К. The 
temperature dependence of p e l . p h implies" an 
average energy of phonons weighted according to 
their contribution to ρ,.,. ^ equal Ιο*β + 2*Γ. It 
has been suggested" that predominantly those 
phonons that can participate in two separate non-
equivalent umklapp processes contribute to p^.pi,, 
at temperatures for which kT is much smaller 
than the threshold energy of such processes (ap
proximately 19 К in potassium). The differences 
between the values of В for the various samples 
are reduced when precisely the same value of Θ 
is used for all samples. The remaining differ
ences reflect, as does the value of p(T) at 4.0 K, 
the small deviations from Matthiessen's rule sim
ilar to observations by other authors.*•* 

As the results for samples 2a-2c show, A de
pends strongly on the history of the sample, that 
Is, on the degree of annealing. Similarly, Gugan1 

observed that deviations from Matthiessen's rule 
due to dislocations were most pronounced at the 
lowest temperatures. The order of magnitude of 

p e l . ( 1 corresponds fairly well with the predicted7 

value of A = 0.17 ρΩ cm K"2. However, no strong 
sample dependence of the electron-electron scat
tering has been predicted. The strong annealing 
dependence observed therefore poses serious 
questions. On the one hand, if this weakly tem
perature-dependent term is indeed due to elec
tron-electron scattering, better theoretical un
derstanding of its magnitude will be necessary, 
especially in regard to the dependence on crystal 
defects. On the other hand, if this term is not due 
to electron-electron scattering, then the present 
theoretical predictions for A are at least an or
der of magnitude too high. In such a case the or
igin of the observed term must still be found. 
Surely, the strongly coupled electron and phonon 
distribution at temperatures at which practically 
all umklapp processes are frozen out represent a 
system for which novel resistance mechanisms 
should be considered. 

It should be pointed out that Instead of a term 
AT1 one can describe the data equally well with a 
term proportional to T' with s between 1 and 2. 
A term T" can be ruled out. 

In summary, the resistivity of potassium has 
been measured with a resolution much better than 
hitherto obtained. The data expressed by the em
pirical formula (1) with an activation energy в 
-19.9 К support the picture of an electron-phonon 
scattering under strong phonon-drag conditions, 
for which the resistivity is controlled by specific 
umklapp processes. In addition, a weakly tem
perature-dependent term roughly proportional to 
T2 has unambiguously been found and might rep
resent the first observation of electron-electron 
scattering in the resistivity of the alkali metals; 
however, the constant of proportionality A is very 
much sample dependent, contrary to the theoreti
cal expectations.7 
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3.4 The electrical resistivity of potassium at low temperatures. 

Abstract. Measurements of the electrical resistivity as a function 

of temperature are described for the temperature interval from 1. 1 

to 4.2 К for potassium samples with resistance ratio's varying be

tween 390 and 8200. The measurements show the existence of phonon 

drag in the resistivity and also a weakly temperature dependent term 

Τ (m between 1 and 2), with a sample dependent magnitude. The tem

perature dependent resistivity ρ(Τ) in this temperature interval 

2 —20K/T 
can be represented by p(T) = AT + BTe 

1. Introduction 

The temperature dependence of the electrical resistivity of the 

alkali metals is often used as a test object for models of scattering 

processes in pure and less pure metals. The alkali metals are repre

sentatives of the so called simple metals. The behaviour of the con

duction electrons (one per atom) is very well described in terms of 

a free electron gas. The deviations from sphericity of the fermi sur

face are small (about 2 parts in 10 for K) [ 1-3] and the fermi sur

face does not touch the zone boundaries. 

Potassium is the most often studied alkali metal because, un

like the alkali metals lithium and sodium, it does not have a mar-

tensic phase transformation at low temperatures, while the heavier 

alkali metals are even more difficult to handle than potassium. 

Even though calculations on К are complicated by a highly ani

sotropic lattice spectrum, the number of theoretical papers on the 

electrical resistivity of potassium is much higher than the number 

of experimental ones. The reason is that К has a high chemical reac

tivity, which makes it difficult to handle and to obtain metallurgi-

cally well defined samples. 

There are four issues in the resistivity of simple metals at low 

temperature which are much in discussion lately: 

i) how well do we understand deviations from Matthiessen's rule 

and, especially, does the resistivity saturate into a dirty 
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limit as the concentration of impurities increases, 

II) what causes linear magnetoresistance in these metals, 

III) is electron-electron scattering visible and 

iv) is phonon drag important in the electrical resistivity. 

Although all four problems show up in the interpretation of the re

sistivity data for potassium, systematic experimental investigations 

of the first three points are more easily done on the other simple 

metals, for instance aluminum and indium, because of the difficulty 

of making well defined samples of potassium. 

Phonon drag has recently received much interest [4-15] and two 

papers [ 16,17] have been published on experiments that demonstrate 

the existence of phonon drag in the electrical resistivity of potas

sium. This paper describes in more detail the measurements that are 

the basis of ref. 16 and also some additional experiments. Issues 

i) , il) and in) will also be discussed in some detail. 

2 Experimental details. 

The potassium was packed by the supplier [ 1Θ] in ampules of borosi-

licate glass. An ampule was connected to a flange seal and opened in 

a glove box that contained a helium atmosphere which, according to a 

water vapour pressure monitor [ 19] contained, less than h ppm water 

vapour. The condition of the box was tested by visual inspection of 

the surface of some molten sodium and by observing the lifetime of 

a heated tungsten wire in the box, from which the oxygen content 

could be estimated to be less than 2 ppm. A clean cut surface of 

potassium would not show any trace of discolouring in 10 hours. This 

made possible the visual examination of the surface of a sample after 

the measurements to see if any oxidation or contraction voids were 

present. 

The potassium was packed m the glass ampules under argon gas. 

Thus in addition to impurities like sodium (< 0.03%) the metal also 

contained a large amount of gas. The ampules were, after connection 

to the apparatus shown in figure 1, first outgassed. This was done 

by heating to 100-110 С and pumping the liquid for 30 minutes with a 

diffusion pump via a nitrogen cooled oiltrap. 
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Fig. 1 Preparation of potassium samples. 

1. and 2. vacuum pumps 

3. temperature oontrolted region 

4. ampule with molten potassium (5 gram) 

5. double helix of polyethylene tube. 

The potassium is forced by ^ 60 Torr pressure of helium gas into the 

polyethylene. The solidification of the potassium starts from the 

lowest point, while one atmosphere pressure is applied at both sides 

of the tube. 

After the outgassing procedure, the molten potassium (70 C) was 

forced out of the ampule by a slight ("* 50 Torr) pressure of helium 

gas. Via a stainless steel tube the metal filled a vacuum pumped po

lyethylene tube [20] (see figure 1) which had an inner diameter of 

0.9 mm and a length of about 1.2 meter. The plastic was loosely wound 

into a double helix on a holder with a diameter of 36 mm. About 2 

gram of К was first flushed through the tubes in order to clean them. 

During solidification, the potassium was kept under a pressure 

of one atmosphere and the sample was cooled from the lowest point. 

This procedure was necessary to prevent the forming of contraction 

voids in the sample (potassium will shrink by 3% in volume on solidi

fication) . The slow cooling from one point probably causes the grains 

in the sample to be long compared to the sample diameter (reference 

47 



21 reports a typical grain size of 1 mm after extrusion). Some helium 

might diffuse into the potassium during solidification, but the dis

tance between the helium-potassium interface and the actual potasium 

of the sample was at least 30 cm, except for some seconds during 

filling. After cooling to room temperature in about four hours, the 

sample was transferred to the cryostat. There it was cooled down to 

liquid nitrogen temperature while in vacuum, over a further period of 

more than 10 hours. Sample 3a was cooled down somewhat faster after 

solidification. It was remeasured (3b) after annealing at room tempe

rature in helium gas for 7 days. Sample 2a was remeasured after an

nealing for 2 days at room temperature in helium gas (2b) and after 

80 days in vacuum (2c). 

The polyethylene tube was covered with plastic tape [ 22] to 

prevent water and oxygen from reaching the sample by diffusing 

through the polyethylene. This could happen during the transfer from 

the preparation site to the cryostat, a procedure which took about 

ten minutes. After the measurements, no oxidation was visible at the 

surface of the samples, which all still had a metallic luster. This 

luster stayed for several days when a test sample in such a covered 

tube was just kept in humid air without further protection. That the 

surface of the sample was reasonably clean was proven by making a 

test sample consisting of a layer of potassium of 3 micron thickness 

against the inner surface of the polyethylene tube. This gave a re

sidual resistance ratio RRR = R(295K)/R(0K) « 200. This sample was 

prepared by first filling a tube with molten potassium and then blo

wing it out again with an overpressure of helium. This also shows 

that molten potassium does stick to the plastic. Test samples with 

contraction voids showed that under contraction the potassium can 

come off the surface. In the samples actually used, no voids were 

visible on the surface and also not on cuts through the samples. 

The current and potential contacts were made from copper and 

are shown in figure 2. The contact region between copper and potas

sium was about 3 mm long. The distance between current and potential 

contacts was more than 40 mm. This is about 50 times the sample dia

meter. The contact resistance between the copper and the potassium 
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F-ig'. 2 Electrical contact to the sample. 

1. copper contact 

2. silicone rubber seal 

3. polyethylene tube, inner diameter 0.9 mm coated 

with plastic tape 

4. potassium 

of the potential contacts needed to be much smaller than the sample 

resistance, because of the electrical measuring procedure that we 

used. The measured contact resistance was always smaller than 10 Q, 

which is to be compared with a minimum sample resistance of 10 Ω. 

The geometrical factor of each sample was determined by mea

suring the resistance of the sample at liquid nitrogen temperature 

before and after the measurements at liquid helium temperature. The 

temperature of the liquid nitrogen was checked with a germanium ther

mometer [ 23] . The value for the resistivity that was used, was 

-g 

p(77.6K) = 13.8 χ 10 Яга. Thermal contraction between 77.6K and li

quid helium temperature was neglected: this could produce a syste

matic error of at most 0.5% [24]. The accuracy of the determination 

of the geometrical factor was 1%. 

The resistance of a sample R at low temperatures was measured 

with a bridge system consisting of the sample, a reference resistor 

R and a flux-gated superconducting galvanometer. Two currents I and 

!_ were delivered to the two resistances with such a ratio 

I./I„ = R /R that the bridge was balanced. The ratio was set by a 
1 2 χ s

 3
 •' 

current comparator which has an accuracy in t /I of 0.1 ppm. With 

a sample current of 0.3A the reproducibility from one run to another 

in IJ/IJ
 w a s

 always limited by the temperature control, and was 
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Fig. ό The reproducibility between different runs of the resis
tivity of sample 2b. 
χ run 1, + run 2J о run 3, u rim 4 

better than 1 ppm from the electrical measurement alone (see figure 

3). 

The slight temperature dependence of R (made of copper with beryl

lium) was determined in a separate experiment with a relative accu

racy of 2 ppm for the measurements on samples 1 and 2. Sample 3 was 

measured against another resistor measured to an accuracy of 1 ppm 

above 1.5K and slightly less accurately below. This whole set-up is 

described in detail in reference 25. 

For the measurements on sample 1 a more conventional set-up with 

two independent current sources [ 26] was used. This gave a relative 

accuracy of 20 ppm. 
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The relative accuracy in the resistivity data of the three 

samples is shown in table I (at the end of this chapter). 

No current dependence was found for the temperature dependent 

part of the resistivity p(T)=p -p , where ρ is the measured resis

tivity at temperature Τ and ρ is the extrapolated resistivity at 

0 K. The current dependence of ρ was not tested, but some could be 

о 

present, caused by a size dependent magnetoresistance due to the self 

field of the current [ 17] . For some samples the resistivity in mag

netic field was measured to determine the Kohier slope 

S = — where ρ(Η) is the resistivity in a magnetic 

= ΓΡ(Η)-Ρ(Η-0)1 

L
V
P ( H = 0 ) J

l i n

w h e i 

field Η and ω τ = 5.3 χ 10 RRR Η where Η is expressed in Tesla. 
с 

Because of the breakdown of the magnetic shielding of the galvano

meter, these measurements were restricted to fields below 1 T. One 

test-sample RRR = 5700 was measured in another system up to 7 Τ to 

see if the form at lower fields was representative for the beha

viour at higher field, which indeed appeared to be the case. 

Details of the temperature measuring system are described in 

chapter 2.2. The sample was always immersed in liquid helium and no 

temperature difference is expected to exist between the bath and the 

sample. The temperature of the bath was measured in three ways: 
4 

via the vapour pressure of the He liquid; via the vapour pressure of 

3 4 

He condensed in a copper bulb that was immersed in the He bath; 

and with a factory calibrated germanium thermometer [ 23] that was 

recalibrated at our laboratory. In addition the temperature scale 

was checked at three fixed points, one at the low end, one in the 

middle and one at the high end of the scale, namely at the supercon

ducting transition temperatures of aluminum and indium [ 27] and at 

4 

the λ - point of He. No inconsistencies were found between the dif

ferent thermometers. All temperatures in this paper are expressed 
on the Τ temperature scale [ 28] relating the temperature and vapour 

8
 4 

pressure of He. 

The achieved accuracy is + 2mK for the whole temperature range 

and somewhat better just below Τ . 
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3 Results and analysis 

Tables with values of the measured resistivity ρ versus tempe

rature for samples 1, 2 and 3 are given in an appendix. Some numbers 

characterizing the samples can be found in tables I and II. 

At the higher end of our temperature scale (T>2K), both the 

magnitude and the form of ρ(Τ) that we find are in agreement with 

the data of Gugan [ 29] and Ekin and Maxfield [ 30] . The magnitude of 

ρ(4.0 К) is given in table I. For the well annealed samples (2b, 2c, 

3b) ρ (4.0 К) is, respectively, 2.06, 2.05 and 2.08 pita, Gugan [29] 

finds 2.11 pita and Ekin and Maxfield [ 30] 2.08 рПт; all data with 

about 1% error. The data for the not fully annealed samples are 

clearly above these values, as are the results found by earlier 

authors [31-34] (see also figure 4 of reference 30). That the form 

found for ρ(Τ) above 2K is also nearly the same as found by others 

is shown in table III and also in figure 1 of reference [ 15] , which 

gives Δρ/ΔΤ for the best annealed samples of this paper and of re-

4 

ferences 29 and 30. Presenting the data in the form Δρ/(5Τ ΔΤ) cir

cumvents the large errors in ρ(Τ) which would result, especially at 

the lower temperatures, from uncertainties in the extrapolation pro

cedure to obtain ρ . 

о 
The data of the sample with highest RRR (2c) are shown as 

4 
Δρ /(5T ΔΤ) in figure 4. 

In this figure a direct comparison can be made with the Bloch-

Gruneisen theory. This theory predicts for the resistivity caused 

by normal electron-phonon' scattering a limiting form ρ(Τ) = Β Τ 

BG 

for very low temperatures, when no phonon drag is present. This 

value is also a minimum value for the expected ρ(Τ) without phonon 

drag, because electron-phonon Umklapp scattering or other tempera

ture dependent scattering processes like electron-electron scattering 

can only make ρ(Τ) higher. 

The data clearly show that phonon drag does exist, since the 

derivative goes below the two published values for В [13, 15, 17, 

BG 

30]. 
4 

At the lowest temperatures, the values of Δρ/(5Τ ΔΤ) rise again 

52 



5Τ
Λ
ΔΤ 

Τ(Κ) 

4 
Fig. 4 The derivative of the resistivity Ap/(ST hT) versus tempe

rature Τ for sample 2a. "he differences Δρ =• p(T1) - ρ(Τ„) 

and ΔΤ - T. - T0 are between data points 0.1 К apart. The 
5 

derivative goes well below the Bloah limit ρ(Τ) = Β Τ 
DU 

for normal eleotron-phonon scattering. This shows the ex

istence of phonon drag. Two values for B_
r
 are indicated 

with arrows (from reference 15 and 17). The dashed line is 

an estimate of a weakly temperature dependent term in the 

resistivity, that should be subtracted to obtain the value 

for eleotron-phonon resistivity ρ
 г
_ ,. At Τ = 1.5 К, the 

graph indicates a value for ρ
 7
_ , % of the lowest value 

for the Bloch limit. 

above the Bloch-Grüneisen constant calculated by Taylor, Leavens and 

Shukla as given in reference [ 17] (see also fig. 5). This shows the 
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5 Τ Δ Τ 

Τ(Κ) 

Fig. 5 The derivative Δρ/(5Τ ΔΤ) versus temperature Τ for sample 

2a and 2b. Going to lower temperature, the derivative of 

2b first comes below the Bloah limit of ref. 17, indicated 

by the lowest of the two arrows, and then rises above it 

again. 
a : 2a 

• : 2b 

ex i s tence of an e x t r a term ρ , t h a t i s weakly temperature dependent. 
w 

The existence of this terra has been confirmed by Rowlands, Duvvury 

and Woods [ 17] , who made measurements down to 0.5 K. At the lowest 

temperatures, their data also rose back to above the highest of the 
two values for B„„. 

BG 
In the phonon drag limit the theoretical expectation (e.g. refs, 

4, 17) is that ρ , . is of the form ρ , . = ВТ
П
е 

el-ph el-ph 

ρ we choose the form ρ = AT 
w w 

for the term 

It appears that indeed our result 
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can be well descrxbed by ρ ρ + АТ
Ш
 + BT

n
e = p + p + p , 

о "о w
 K

el-ph 

The functional form we choose for ρ is consistent with the results 

w 

of measurements down to lower temperatures by Rowlands et al. [ 17] . 

The possible origins of ρ will be discussed later on; for the mo-

w 

ment we are concerned solely about how to separate ρ and ρ , 

w el-ph 

In table II the results for different samples are given when 

the data are analysed assuming that ρ = ρ + AT + BTe with 

m=2 and 0=2OK. If m is treated as a free parameter, then for diffe

rent assumed forms for ρ 

— fi /τ — fi /τ
1
 s 

, , . (for instance Te , e , Τ ) it is 
el-ph 

possible to obtain values for m ranging from 0.9 to 2.1 (see also 

figs. 6 and 7). On the other hand, because ρ dominates at low tem-

w 

peratures, once m is fixed, the value of A is relatively insensitive 

to the form of ρ _ 

el-ph 

Δ<? (10'
15
ПтК

2
) 

2T ΔΤ 

T(K) 

Fig. 6 The derivative Δρ/(2Τ hT) versus Τ for sample 2e. Only be-

low l.Jb К (- Op/70) is p(T) α: Τ within experimental error. 

The form assumed for ρ does not strongly influence the form 

found for ρ
 Ί
 , above 2K where ρ , . >> Ρ . This makes it possible 

el-ph el-ph w 

to reliably determine η and A. With m varying between the above-men-
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ft (1Ó12am) 

8.786 -

8.785-

8.784-

Fig. 7 The resistivity p_ Oersus the temperature Τ for sample 2a. 

Ttio lines are draum as a possible fit of the data points 
2 

to Τ and Τ terms, respectively. 

tioned limits, we find by means of a least square fit to the data: 

η = 0.9 + 0.2 and θ = 19.9 + 0.2 К. The same result can be found by 

a graphical method illustrated in fig. 8. The ρ , , used in this 

el-ph 

figure is determined by subtracting the quantity ρ + AT from ρ . 

The appropriate value for this quantity was found by a least square 

2 η -θ/Τ 
fit of the expression P = P + A T + T e over the temperature 

range Τ < 1.75 К, using different fixed values of n. The results 

finally obtained for η and 0 do not depend on the value of η ongi-
2 

nally chosen for the determination of ρ + AT . 

For m fixed, all values of η and 0 for the different samples 

are the same, and the coefficient В varies only slightly from sample 

to sample. In contrast the coefficient A shows a strong variation 

(table II). This difference in behaviour strongly suggests that the 
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AlnPel-ph 

0.1 0.2 0.3 , ,ΟΛ 
Τ1 (К1) 

0.5 0.6 

Fig. 8 Μηρ , J hin Τ versus Τ for sample 2b and 2a. From the 

slope of the solid line and the intersection with the ver

tical oris follows Θ - 19.9 + 0.2 К and η - 0.9 + 0.2. 

• + sample 2b (two runs) 

x sample 2a 

d i v i s i o n of ρ(Τ) i n t o two p a r t s , ρ , . and ρ , i s not a r t i f i c i a l , 
el-ph w 

but reflects different physical origins of the two terms. 

4 Discussion 

For clarity, p' will be discussed first, and then ρ . 
el-ph w 

How

ever, as was seen already in the analysis of the data given above, 

because assumptions concerning ρ , , influence the results found 

el-ph 

for ρ , and vice-versa, it is not possible to keep the two subjects 

completely separate. 
4 

As was shown already in figure 4, the measured Δρ/(5Τ ΔΤ) comes 
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below the Bloch-Grüneisen value. This demonstrates that phonon drag 

is present. To make an estimate of how much phonon drag is present 

we use the results of sample 2c, because this sample has the smallest 
4 

ρ (figure 4). The minimum value for Δρ/(5Τ ΔΤ) is about half the 
w 

Bloch limit of reference 13 and 17. Part of this value must come from 
4 

the same scattering mechanism that causes Δρ/(5Τ ΔΤ) to come back 

above В at the lowest temperature, unless one assumes that this 
BG 

latter effect stops abruptly at some lower temperature. A reasonable 

estimate for sample 2c at 1.5 К is that ρ , is reduced to only h 
el-ph 

of the Bloch value. The same reduction is also taken as an estimate 

for sample 2b and 3b. 

The precision of our measurements makes it possible to determine 

η and 0 within narrow limits. This is in contrast to the results of 

Gugan [ 29] , who found that within the precision of his measurements, 

he could fit the data almost equally well with a large range of η and 

0, provided that 0 = (23.6 - 2.8n)K. 

The physical significance of η and 0 has been discussed in refe

rences 15, 16 and 35. The mean phonon frequency ω(Τ) involved m the 

electron-phonon scattering processes with or without phonon drag 

present, is associated with η and 0 via ω(Τ) = 0+(n+l)T and of course 

du(Τ) — 

— τ - — = n+1. Calculated values [35] for ω(Τ) give, for the tempera

ture range we consider (2-4K),
 d
" = 2.0 + 0.5 and ω(Τ) = 20K + 2T, 

dt -

in very good agreement with the values we find. 

To test the influence of the number of dislocations on our re

sults, sample 3a was made with a high density of dislocations by 

faster cooling down to nitrogen temperature. The strain on the sample 

was probably produced by the plastic tubing, which had less opportu

nity to flow and settle around the potassium then during slow cooling. 
10 -2 

A dislocation density of about 5 χ 10 cm would account for the 
observed ρ [36] and would, according to an estimate from ref. 4, also 

о 

account for the difference in ρ(4.0 К) between this sample and the 

well annealed samples because of quenching of phonon drag in sample 

3a. So the bulk of the deviations from Matthiessen's rule in this 

sample can be attributed to quenching of phonon drag (see figure 9). 

However even in this sample phonon drag is not totally quenched by 
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Δ(Τ) 

Fig. 9 Deviation from Matthiessen's rule for deformed potassium. 

Plotted is A(T) - {p(T) - pid(T)}/pid(T), where p(T) is the 

temperature dependent resistivity of the deformed sample 

(Sa) and ρ . JT) the resistivity of the sample with lowest 

ρ (2o). The dotted line gives the result of Gugan (see 
Ο -ι 

fig. 7 of ref. 29) for his sample К 5 , that was deformed 

at 4.2 K. The dashed line gives the result from our sample 

3a if the same extrapolation procedure as in ref. 29 is used. 
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phonon-dislocation scattering, but only reduced by about 50% [ 4] . 

To further investigate the influence of dislocations, we tried 

to strain the sample again after annealing it (3b). The double helix 

was elongated along its axis by more than 50% while the sample was 

in liquid helium. This however did not introduce enough shear stres

ses in the annealed potassium to alter either ρ or ρ(Τ). 

о 

Kaveh, Leavens and Wiser [ 35] have predicted that θ = 20K and 

n=l holds only for Τ > 2K, while for Τ < 0.6K other values are found. 

In the intermediate temperature region no explicit calculations have 

been published. This makes it difficult to separate ρ and ρ , , be-

w el-ph 

low 2K. In the analysis of the data given above we extrapolated the 
— ̂ flTf/T

1
 τη 

ρ , , = ВТ e to the lowest temperatures and found that ρ =AT 
el-ph w 

with m=1.5 + 0.6. A method to obtain ρ without this extrapolation is 

the following: for samples which are well annealed, ρ , . i s very 

el-ph 

nearly the same (no deviations from Matthiessen's rule) above 2K. 
—20K /T 

Below 2K, where ρ is perhaps no longer equal to ВТ e , one 

can expect that the ρ , . o f the different samples will still be the 

el-ph 

same to the same degree as above 2K. This means that by taking the 

difference Δρ between two samples one gets nearly Δρ - Δρ . Only 

a small correction remains, which can be approximately found by ex

trapolation from the results above 2K. Figure 10 gives Δρ for sample 

1 and 2a. The insert shows the data above 2K from which a correction 

2 

term can be deduced. Figure 11 gives Δρ versus Τ and Τ for the bet

ter annealed samples 2b and 2c. For those samples the Δρ , . above 

2 К is so small that below 2K the corrections are negligible compared 

to the error due to the uncertainties in the temperature. Figure 11 

shows that Δρ
 α
 Τ where m=2 gives much better agreement than m=l. 

W
 2 

The magnitude found for the ρ term, described as AT , is of the 
w 

same order as the value calculated for the resistivity of electron-
-15 2 

electron interaction by reference 37, namely ρ = 1.7 * 10 Τ 

iìm. However the predicted small (< 1%) variation of this term be

tween pure and impure samples is not in accordance with the large 

variations actually observed in ρ . Therefore some other explanations 

have been put forward. Inelastic electron impurity scattering gives 

rise to a Τ term, but the effect is too small to explain our results 

60 



ДР т(10 , 2Лт) 

0.5Θ9 

0.5ΘΘ 

0.587 

N^O 

•^ 

-
APel-phdO'VlmK"') 

τ . ^. 
5 

2 

1 
0.5 

0.2 

0 

^Х^^ 
-

1 I 

2 'О.Зк^О.Д 

Τ 

ι ι ι 

> 

^ о 
• ν 0 

ν° 
^ 4 ° 

· \ 0 0 η 

•4 0 ο ο 'Χ. 0 0 η 

* 4 0 

• ^ 

Ν. · 

Ν. 

Χ^^ 

^ 
> ^ 

0.5 

ι ι ι 

1 2 Т Ж ) 

Fig. 10 The differenoe Δρ between the resistivities p_ of samples 
2 

1 and 2a is plotted versus Τ . The insert shows data of 

higher temperatures from which a aorreotion is deduced to 

get Ap (see text). 
w 

о : uncorrected data 

• : corrected data. 

[38,39] . The decrease of A with prolonged annealing suggests that it 

is not the impurity content which is important, but rather the dis

location density. Taylor et al. [ 14] considered quenching of phonon 

drag due to the presence of dislocations. However, the high density 

of dislocations needed to cause the presumed quenching of the phonon 

drag, would give, according to reference 36, a much higher value of 

ρ for the annealed samples than the observed ones. A further ana

lysis of this point is given by Kaveh and Wiser [ 4] . 
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The resistivity data are analysed in the text as 

p_ = ρ + AT2 + ВТ e~20K//T=p + ρ + ρ
 7
 ,. 

Τ *o vo w el-ph 

Because ρ , , is the same for the well annealed samples 

Δρ_ should give a straight line in the plot of Δρ_ versus 

Τ . The error bars indicate the uncertainty in Δρ_ due to 

an error of 1 mK in the temperatures. 

A possible explanation for the sample dependence of A when ρ 

w 

is ascribed to electron-electron scattering, goes along the following 

lines. 

The normal electron-electron scattering is not effective as far 

as electrical resistivity is concerned, because the total momentum 

of the electron gas is conserved. The percentage of the non-momentum 

conserving Umklapp-processes is therefore an important number in the 

calculation of ρ ._
 1
. This percentage Δ is calculated to be low in 
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potassium (6%) [ 37] , compared to, for instance, Al (40%), because 

of the differences in distortions of the fermi surfaces. Experimen

tally [ 40]ρ is found in Al to be almost (within 10%) independent 

of impurity content or dislocation density, in accordance with ref. 

37. The percentage Umklapp scattering, however is already high in 

aluminum and cannot be much enlarged. In potassium the percentage 

of non-momentum conserving scattering events might, because it is so 

low, still grow by an order of magnitude. A possible source of varia

tion in Δ may be the loss of momentum conservation for scattering 

events near a distortion of the lattice, for instance a dislocation, 

or a non-isotropic influence on the electron distribution because of 

the preferred orientation of dislocations in samples made up of 

large crystallites. 

Along a different line Kaveh and Wiser [41] argue that as a 

result of anisotropic electron-dislocation scattering the electron 

distribution functioA becomes anisotropic as a result of which also 

the normal processes contribute to the electron-electron scattering. 

The total A then consists of a term A due to the above discussed 

о 

Umklapp-processes and a term which is related to the dislocation 

2 2 
density and which is proportional to (p,/p ) : A = A + A. (p ,/p ) = 

_ d o о 1 d о 
A + A, { (p - ρ )/p } where ρ and p, are the parts of ρ due to 
o l o i o i d о 
the presence of impurities and dislocations respectively and where 

it is assumed that ρ = p. -t ρ .ρ and ρ ^ of our samples are not 
ο α ι ι d 

known but because all of our samples were made from the same stock 

material with the same method one can assume that ρ will be about 

the same for all samples. (Ihis is especially true for samples 2a, 

2b and 2c). In fig. 12 we plotted ρ /(A-A ) versus ρ for A = 0 

- 1 5 - 2 о о 

and 0.75 x 10 ítaK which should give a straight line which cros
ses the ρ -axis at the value of ρ if the above expression holds. 

'ο ι 

Within our measuring accuracy we find a linear relation with 
-15 -2 

A * 3.0 x 10 ΩιηΚ but the measurements are not accurate enough 

to draw a conclusion about A . Only sample 3a does not fit to this 

о 

expression, perhaps because a part of the observed value of A in this 

sample is due to quenching of phonon drag. Such quenching could 

strongly influence the form of ρ , . and thus our procedure for ob-

el-ph 
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Co^'(1Ò18n3,2m3/2K1) 

0.5-

Fig. 12 

10 15 

CodÒ^nm) 

ρ '/A"' versus ρ . Squares sample 1; dots: sample 2a, 2b 

and 2a; triangles sample 3b. The closed symbols and the 

open symbols correspond with A' - A and A ' = 
— 75 —2 

A-0.75 χ 10 ümK respectively. The error bars cor
respond to the errors of A given in table II. 

taining A. Levy et al. [ 42] obtained recently from their measurements: 
-15 -2 -15 -2 

A = 0.5 χ 10 ПтК and A, = 4.0 χ 10 ПтК . A linear relation 
о 1 

between ρ and A, as found by ref. 17, cannot be concluded from our 

measurements. 

Another question we looked into is : is there a correlation be

tween the magnitude of ρ and the linear magnetoresistance, expres

sed in the Kohier slope S. The linear magnetoresistance in potassium, 

as well as in other simple metals, is attributed to many causes, 

intrinsic as well as extrinsic. No clear correlation with any sample 

describing parameter has as yet been found. Recently it was suggested 

by van Gelder [43] , that the existence of quantum surface states, 
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produced on internal surfaces or dislocations, can give rise to linear 

magnetoresistance. 

S was determined for samples 2Ь, 3a and 3b (see table II). No 

simple correlation was found between A and S. This can be seen most 

clearly for samples 2b and 3c, which have roughly the same value of 

A, ρ and p,, but which have values of S differing by almost an order 
ο α 

of magnitude (see fig. 13). A possible explanation for this lack of 

correlation could be the different influences of the direction of the 

dislocations in the two cases. 

ΔΡ(Η) 

(МО) 

о 

о 

о 

о 

о 

о 
о 

* 

I I 1 

О 5 10 15 20 

Fig. 13 Change in resistivity t\p(H)/p(H=0) = -{p(H) - p(H=0)}/p(H=0) 

plotted versus ω^τ for two samples (2b and 3b). The tuo 

samples have comparable values for ρ and A. * : 2b; о ; Sb. 
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4 Conclusions 

The resistivity of potassium is shown to be affected by phonon 

drag. The resistivity from electron-phonon scattering, for the well 

annealed samples at 1.5 К is only about h of the value predicted 

for a situation in which the phonon system has no net momentum. 

Above Τ = 2K the temperature dependent resistivity is dominated 

by electron phonon scattering and the form found is ρ , , = 

-20K/T -12 -1 "el-ph 

Β Τ e ; В = 76 χ 10 ПтК for the well annealed samples. For 

the other samples the resistivity has the same form, but with 

values of В up to 50% higher. These deviations from Matthiessen's 

rule can be explained by a partial quenching of the phonon drag which 

is present even at Τ = 4K. 

Below Τ = 2Κ the resistivity is dominated by a weakly tempera

ture dependent term of the form ρ = AT with m = 1.5 + 0.6. The 

determination of m is hampered by the absence of calculations for 

ρ below Τ = 2K in the presence of (partial) phonon drag. How

ever by combining results of several samples ρ can be (partly) 

el-ph 

eliminated and then the results indicate that m is closer to 2 than 

to 1. If m is fixed to 2, the value of A for different samples varies 

-15 -2 

between 0.75 and 7.5 χ 10 ΩιηΚ . This term might represent elec

tron-electron scattering, although such scattering is not normally 

expected to be sample dependent [ 37]. An explanation is suggested 

based on the assumption that the number of electron-electron scat

tering events which do not conserve momentum for the electron gas is 

enhanced by the presence of dislocations. The maximum variation in 

A should then be about a factor of 10, as is observed. A linear 

correlation between A and ρ , as found by ref. 17, is not in accor

dance with our data. 
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Table ι 

Details of samples and experimental runs. Three potassium samples 

were measured, sample 2 and 3 were remeasured after annealing at 

room temperature. The residual resistivity ratio ERR = ρ (295 Κ)/ρ , 

with ρ (295 К) = 71.9 χ ΙΟ
- 9
 Ωτη. The relative accuracy is the ac-

 0 

curacy of the electrical measurement of the resistivity apart from 

the error introduced by the determination of the geometrical factor 

(1%). 

Sample 

1 

2 

2a 

2b 

2c 

3 

3a 

3b 

Table II 

Annealingtime 

(days) 

-

-

2 (in helium) 

80 (in vacuum) 

-

7 (in helium) 

4, 
f l O

- 1
 Ωιη) 

23.3 

23.9 

11.3 

8.θ 

186 

14.2 

RRR 

3100 

3000 

6400 

8200 

390 

5100 

relative accuracy 

(parts per million) 

20 

2 

2 

2 

10 

1 

Resistivity of potassium samples. 

The temperature dependent resistivity ρ(Τ) is analysed as 

2 -20K/T 
ρ(T) = AT + Β Τ e .In some runs the Kohier slope S = 

{ρ(H) - ρ(H=0)}/{p(Η=0)ω τ} was determined. 

с 

Sample 

1 

2 

2a 

2b 

2c 

3 

3a 

3b 

(10" 

2.7 

1.6 

1.3
b 

0.7
b 

7.5 

1.4 

Ά 

1 5
Птк"

2
) 

+ 

+ 

+ 

+ 

+ 

0.2 

0.2 

0.1 

0.1 

0.1 

(10 -"пшк"
1
) 

80.8 

81.8 

75.7 

75.8 

109 

76.3 

ρ (4.0 К) 

(10
_12
Пт) 

2.22 + 1% 

2.23 + 1% 

2.063 + 1% 

2.055 + 1% 

3.07 + 2% 

2.08 + 1% 

S 

0.0016 

0.012 

0.013 
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Table III 

Comparison of the temperature dependent resistivity ρ (Τ) of three 

pure and annealed samples. The first row gives ρ(Τ) = ρ - ρ for 

sample 2c of this work. The second row gives the calculated resis-

2 -20K/T 
tivity for sample 2c according to ρ(Τ) = AT + BT e . The thir 

and fourth row give the data for comparable samples from ref. 29 

and 30, extrapolated, to obtc 

one described in this paper. 

and 30, extrapolated, to obtain ρ , with a procedure similar to the 

Τ 

(К) 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.Θ 

1.9 

2.0 

2.1 

2.3 

2.5 

2.6 

2.θ 

3.0 

3.2 

3.4 

3.6 

3.8 

4.0 

4.2 

ρ (Τ) 

(10~
1 5
Пш) 

0.887 

1.09 

1.28 

1.52 

1.86 

2.35 

3.12 

4.39 

6.49 

9.78 

14.84 

33.0 

68.6 

95.8 

177 

303 

482 

735 

1075 

1506 

2055 

2742 

A T
2

 +
 ВТ е -

2 0 К / Т 

(10"15ßm) 

0.909 

1.09 

1.29 

1.54 

1.87 

2.37 

3.17 

4.47 

6.57 

9.88 

14.94 

33.1 

68.3 

95.0 

174 

296 

476 

727 

1064 

1502 

2055 

2734 

Gugan 

(10
_15
Пт) 

1.8 

4.4 

11 

105 

190 

319 

506 

767 

1110 

1560 

2110 

2770 

Ekin & Maxfield 

(10"15ßm) 

16 

85 

113 

198 

325 

510 

764 

1110 

1550 

2080 
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Appendix 

Values of the measured resistivities of three potassium samples as 

a function of temperature. The absolute accuracy for the temperature 

is 2 mK and for the resistivity 1 %. The relative accuracies for the 

different samples are given in table I. 

Sample 1 

T(K) 

1.466 

1.500 

1.546 

1.575 

1.600 

1.625 

1.650 

1.675 

1.700 

1.725 

1.750 

1.775 

1.800 

1.825 

1.850 

1.875 

1.900 

1.925 

1.950 

1.969 

2 . 0 0 0 

2 . 0 2 5 

2 . 0 5 0 

2 . 0 7 5 

p(10
 12
i2m) 

23.35865 

23.35897 

23.35946 

23.35982 

23.36011 

23.36046 

23.36078 

23.36115 

23.36157 

23.36201 

23.36247 

23.36302 

23.36355 

23.36416 

23.36484 

23.36560 

23.36636 

23.36728 

23.36830 

23.36912 

23.37062 

23.37199 

23.37345 

23.37505 

Τ (К) 

2.100 

2.125 

2.152 

2.216 

2.256 

2.306 

2.364 

2.407 

2.418 

2.522 

2.618 

2.622 

2.802 

2.987 

3.176 

3.382 

3.602 

3.816 

3.998 

4.016 

4.084 

4.240 

4.243 

p(10~
12
Sb) 

23.37693 

23.37865 

23.38093 

23.3278 

23.3915 

23.3980 

23.4075 

23.4155 

23.4194 

23.4423 

23.4741 

23.4745 

23.5565 

23.6774 

23.8551 

23.1267 

24.5205 

25.0233 

25.5688 

25.6321 

25.864 

26.465 

26.479 
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TOO 

1.257 
1.286 
1.313 
1.339 
1.366 
1.366 
1.392 
1.392 
1.417 
1.417 
1.443 
1.443 
1.468 
1.468 
1.494 
1.494 
1.520 
1.520 
1.545 
1.571 
1.596 
1.621 
1.647 
1.672 
1.697 
1.722 
1.748 
1.773 
1.773 
1.798 
1.823 
1.848 
1.873 
1.898 
1.923 
1.948 

Sample 2a 

p(10 1?iîm) 

23.947065 
23.947195 
23.947275 
23.947375 
23.947450 
23.947455 
23.947590 
23.947615 
23.947745 
23.947740 
23.947880 
23.947875 
23.948050 
23.948025 
23.948240 
23.948225 
23.948410 
23.948385 
23.94868 
23.94888 
23.94914 
23.94942 
23.94971 
23.95004 
23.95038 
23.95075 
23.95115 
23.95163 
23.95166 
23.95216 
23.95273 
23.95337 
23.95405 
23.95485 
23.95573 
23.95672 

Τ (К) 

1.974 

1.999 

2.024 

2.049 

2.074 

2.099 

2.099 

2.124 

2.149 

2.171 

2.171 

2.213 

2.307 

2.405 

2.503 

2.601 

2.704 

2.834 

2.904 

3.001 

3.099 

3.200 

3.302 

3.397 

3.500 

3.605 

3.700 

3.801 

4.001 

4.100 

4.185 

4.232 

ρ (10 12f¡m) 

23.95778 
23.95894 
23.96026 
23.96167 
23.96328 
23.96501 
23.96502 
23.96694 
23.96906 
23.97106 
23.97106 

23.97365 
23.98581 
24.00325 
24.02633 
24.05703 
24.09771 
24.16269 
24.20812 
24.28082 
24.36893 
24.47916 
24.60634 
24.74736 
24.92189 
25.12899 
25.33747 
25.58995 
26.18159 
26.52352 
26.84801 
27.03447 
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Sample 2b 

Τ (К) ρ (10 12í2m) 

1.34699 
1.34713 
1.34714 
1.34723 
1.34727 
1.34733 
1.34732 
1.34741 
1.34739 
1.34749 
1.34751 
1.34750 
1.34762 
1.34763 
1.34775 
1.34774 
1.34788 
1.34788 
1.34803 
1.34804 
1.34803 
1.34816 
1.34818 
1.34817 
1.34837 
1.34851 
1.34853 
1.34872 
1.34872 
1.34873 

Τ(Κ) f 

1.647 1 

1.697 1 

1.697 1 

1.748 ] 

1.748 1 

1.798 1 

1.798 1 

1.848 

1.Θ98 

1.898 1 

1.948 1 

1.948 

1.999 1 

1.999 

2.099 

2.099 

2.171 

2.171 

2.347 

2.538 

2.820 

3.002 

3.208 

3.394 

3.397 

3.592 

3.797 

3.999 

4.215 

(10
 12
fim) 

1.34918 

1.34975 

1.34977 

1.35045 

1.35041 

1.35126 

1.35128 

1.35231 

1.35361 

1.35363 

1.35523 

1.35526 

1.35722 

LI.35720 

LI.36264 

1.36265 

1.36799 

LI.36801 

1.3877 

LI.4276 

LI.5373 

1.6512 

LI.8353 

L2.0733 

2.0804 

L2.4059 

L2.84911 

L3.4047 

L4.1382 
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Τ (К) 

1.104 

1.105 

1.106 

1.146 

1.190 

1.223 

1.255 

1.258 

1.2Θ8 

1.311 

1.334 

1.364 

1.390 

1.415 

1.442 

1.468 

1.495 

1.519 

1.545 

1.571 

1.596 

1.621 

1.647 

1.672 

1.697 

1.722 

1.748 

1.773 

1.798 

1.823 

1.848 

1.873 

1.898 

1.924 

1.949 

1.974 

1.999 

2.024 

2.049 

2.074 

Sample 2 с 

p(10
 1 2

Пт) 

8.784942 

8.784943 

8.784947 

8.785031 

8.785120 

8.785181 

8.785261 

8.785254 

8.785335 

8.785366 

8.785426 

8.785487 

8.785568 

8.785639 

8.785708 

8.785780 

8.785888 

8.785977 

8.786099 

8.786228 

8.786371 

8.786520 

8.786702 

8.786906 

8.787141 

8.787396 

8.787696 

8.788032 

8.788413 

8.788836 

8.789325 

8.789865 

8.790485 

8.791172 

8.791955 

8.792816 

8.793792 

8.794858 

8.796046 

8.797376 

Τ (К) 

2.099 

2.124 

2.149 

2.170 

2.197 

2.296 

2.364 

2.497 

2.608 

2.710 

2.817 

2.909 

2.908 

3.002 

3.002 

3.108 

3.108 

3.108 

3.218 

3.218 

3.221 

3.304 

3.304 

3.394 

3.396 

3.500 

3.501 

3.602 

3.605 

3.704 

3.705 

3.818 

3.818 

3.818 

3.907 

4.120 

4.173 

4.183 

4.212 

4.212 

ρ(10 12iîm) 

8.798825 

8.800456 

8.802262 

8.80396 

8.80599 

8.81654 

8.82612 

8.85200 

8.88233 

8.91993 

8.96988 

9.02209 

9.02176 

9.08608 

9.08639 

9.17431 

9.17529 

9.17455 

9.28704 

9.28655 

9.28726 

9.38788 

9.38776 

9.51121 

9.51438 

9.67863 

9.67922 

9.86365 

9.86996 

10.0735 

10.0744 

10.3424 

10.3412 

10.3433 

10.5749 

11.2301 

11.4146 

11.4613 

11.5557 

11.5548 
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Sample За Sample ЗЬ 

Τ (Κ) ρ (10
 12

fim) 

1.313 186.6049 

1.401 186.6082 

1.489 186.6096 

1.600 186.6129 

1.700 186.6164 

1.800 186.6215 

1.904 186.6250 

2.000 186.6337 

2.100 186.6452 

2.171 186.6535 

2.383 186.699 

2.795 186.911 

3.075 187.184 

3.798 188.841 

4.20 190.80 

Τ(Κ) р(10"
1 2
Пт) 

2. 

2, 

2, 

2. 

2, 

2, 

2. 

3, 

3, 

3 

4. 

.433 

.473 

.601 

.700 

.801 

.900 

.000 

.100 

.171 

.275 

.397 

.602 

.887 

.233 

.574 

.913 

.236 

14. 

14. 

14. 

14, 

14. 

14. 

14. 

14. 

14. 

14. 

14. 

14. 

14, 

14. 

15. 

16. 

17, 

18755 

,18771 

,18850 

,18948 

.19104 

,19333 

.19691 

,20212 

,20741 

,21689 

.23671 

.28416 

.4516 

.7101 

.2203 

.012 

.075 
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4. The electrical resistivity of aluminum at low temperatures. 

4.1 Introduction 

After the measurements on potassium, it was a logical step to 
2 

see if we could observe a Τ resistivity component in another simple 

metal, and if so whether its coefficient would also be sensitive to 

changes in residual resistivity. 

The other alkali metals were eliminated because they are diffi

cult to handle, and lithium and sodium also have a martensitic phase 

transformation at low temperatures. The noble metals were eliminated 

because very small concentrations of magnetic impurities, especially 

Fe, give rise to resistance minima. Indium was rejected because its 

superconducting transition temperature is too high, and suppression 

of superconductivity using a magnetic field introduces off-diagonal 

elements of the resistivity tensor into the problem. 

We finally settled upon aluminum because: (1) it is very nearly 

a free-electron metal; (2) it is available in very high purity; 

(3) it doesn't show resistivity minima due to magnetic impurities; 

(4) it is easily prepared and handled, and (5) its superconducting 

transition temperature is sufficiently low (T =1.18K) that there 
2

 c 

was a reasonable chance of reaching a Τ regime if it existed. 

Moreover, some experience with aluminum was already present in 

our group. In particular, the problem of making good contacts had 

already been solved for measurements on the Corbino effect (see Ref. 

1). This problem is very important in the present measurements, since 

the contact resistance must be low compared to the sample resistance 

and should produce no discernible effect on the temperature depen

dent part of the sample resistivity. Spurious effects can easily 

be produced, for instance, if the potential contacts are soldered 

to the sample. 

2 

In addition to looking for a Τ resistivity component, a second 

point of interest in aluminum was the possible saturation of the 

temperature dependent resistivity with increasing impurity. No such 

saturation had been observed at higher temperatures (e.g. 14K and 

77 



2 
20K )and it seemed worthwhile to see whether it occurred at 4.2K or 

below (section 4.4). 

The measurements on the first sample were reported at the EPS-

Study Conference on Transport Properties of Normal Metals and Alloys 

Below the Debye Temperature in Cavtat in 1977 . The temperature de

pendent resistivity was measured with much higher precision than in 

other publications. This allowed us to show that no single Τ term 

could accurately describe the resistivity between 1.2 and 4K, con

trary to what had been maintained by other authors, who had reported 

data consistent with either Τ ' or Τ ' ' ' . However, our 

2 
data did appear to be approaching a Τ variation below about 2K. To 

2 
verify this Τ variation at lowest temperatures, and to examine how 

the total resistance varied as various sample parameters were chan

ged, measurements on more samples were required. 

Further measurements conformed the tendency of the resistivity 
2 

to approach a Τ variation at the lowest temperatures. The magnitude 

2 
of the τ terra was found to be independent of variation of such 

sources as residual resistivity, sample thickness, grain size, and 

dislocation density. This left electron-electron scattering as the 

only known mechanism to account for this term. 

In section 4.2 preliminary results on the purest samples are 

given. In section 4.3 results on all the samples are briefly des

cribed while in section 4.4 a full discussion is given. 
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4.2 Preliminary results 
Collogue Сб supplemeni au л" 8, Tome 39 août 1978 page C6-I048 

JOURNAL DE PHYSIQUE 

THE ELECTRICAL RESISTIVITY OF ULTRA PURE ALUMINUM AT LOW TEMPERATURE 

H Van Kempen, J H J M R i b o t and Ρ Uyder 

Phystce Laboratory and Reeearch Inatxtute for Matenale, 
Untvereity of Nbjnjegenj Toemooiveld, Nijmegen, The Netherlande 

Resume Mous présentons des mesures d'une haute precis ion, de la partie p(T) dépendante 
de la temperature de la r ë s i o t i v i t ë électrique de quatre échantil lons d'aluminium dont 
Les rapports de r e s i s t i v i t é rés iduel le s'étendent de 9000 à 4 1000 El les démontrent bien 
l 'exis tence d'un terme en AT2, ou A - 2 , 8 fftaX-2 Le couplage êlectron-phonon fournit un 
autre terme dans p(T) dont le comportement approche T5 pour Τ < 2 К 

Abstract - High precision measurements of the temperature dependent part of the e l e c t r i c a l 
r e s i s t i v i t y p(T) of four aluminum зшоріея, with residual r e s i s t i v i t y ratios ranging from 
9000 to 41000, are presented They shov that the presence of a AT2 term with A »2 θ fnmK-2, 
can c learly be established Electron-phonon interaction gives a term in p(T) which approa
ches T5 for temperatures below 2 К 

Recently there has been a greatly renewed 

interest in the low temperature l imit of the tempe

rature dependence of the e l e c t r i c a l r e s i s t i v i t y of 

simple metals This has been especia l ly true for 

aluminum As an example of a simple polyvalent 

metal, i t has been studied very thoroughly both 

theoret ica l ly and experimentally Nevertheless no 

consensus has emerged, both experimentally /1-3/ 

and theoret ical ly /4-6/ very different temperature 

dependences are determined The presence of an AT2 

term (p ) in simple metala, due to electron-

electron scattering i s predicted theoret ical ly a l

ready by Landau and Pomerantschuk /7/ in 1936 Theo

r e t i c a l calculat ions of Lawrence and Wilkins /5/ 

give for aluminum ρ , . - AT2 with A - 0 12 fnmK-2 

but these calculations are quite subtle and could 

e a s i l y be off by an order of magnitude Experiments 

of Garland and Bowers /2/ suggested a T2 dependence 

with A - 4 4 ftlniC2 as do the recent experiments of 

Garland and van Harlingen /3/ However, experiments 

of Senoussi and СяпрЬеІІ /1/ showed a T3 dependence 

By subtracting the theoret ica l ly calculated r e s i s 

t i v i t y ρ , , due to electron-phonon scattering, 

from the measured p(T) of reference /1/ Kaveh and 

Wiser /6/ found an AT2 term with A «2 J-26 fftiK-2 

Quite small deviations of the calculated Ό , . 
el—ph 

should make this analysis invalid So more precise 

knowledge of the experimentally determined o(T) is 

essential, in order to verify if a T 2
 term is indeed 

present, and to determine more precisely the tempe

rature dependence of ρ , . 
r
 el-ph 
In this paper new measuremente are presen

ted of the temperature dependent part of the 

resistivity ρ(Τ) of aluminum, for the first time 

of a precision sufficient to determine the tempe

rature dependence in the low temperature limit The 

measurements were taken on four wires All wires 

were annealed at 500 К for an hour Two vires were 

made from the same bulk material with a bulk RRR 

of about BO 000 (sample 1 and 2) Sample 3 had a 

RRR of 21 000 and empie 4 of 9 000 All wires had 

a diameter of Э on except for sample I, which had 

a diameter of I 4 nm The résistance measurements 

had an accuracy varying for the four samples from 

2 to 10 ppm The temperature determination was 

within 1 mK below Ί\ and S mK above T\ 

Figure la and lb show ¿ρ/ΐΤ ¿Τ) versus Ί* 

The AT's are taken from data points I К apart 

below Ti. and 2 К apart above T, The spreading of 

the pointa in the two figures is solely due to un

certainties in the temperature determination Pre

senting the data this way eliminates the extrapo

lated resistivity at Τ - 0 Κ, ρ , as an extra pa

rameter At the lowest temperatures up/(T ¿T) 

approaches a constant value which corresponds to 

an AT 2 term in p(T) with A -2 θ fîïmK-2 А ВТ
5 

term should give a sloping line in these piota which 

seems to be the case below Τ - 2 R This is as 

expected by Lawrence and Wilkins /4/ For В we 

find B-0 OS fnmK
- 5
 with В slightly size dependent 

The magnitude of ρ , · Ρ CT) " AT
2
 cannot 

be directly compared to theoretical calculations 

as there exists no such results for the temperatu

re- and purity-regime of our measurements While 
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we are clearly in the dirty limit (p /o . > IO
3
) 

for the lowest temperatures, this is not the case 

at 4 K. This makes that deviations fron Matthie-

sen'e rule become apparent at the higher tempera

tures (Figure la). 

Fig . la 

10| 

To sunrnarize the temperature dependence 

of the r e s i s t i v i t y of aluminum cannot be described 

by a s ing le power of T. below Τ - 2 JC. p(T) can be 

expressed by a sum of a quadrat ic term and a term 

approaching T 5 · 

p(T) - AT2 • BT5 Τ < 2 К 

The quadra t ic term does not depend on the impurity 

content or s ize of the eonplee. 

Part of t h i s work has been supported by the 

" S t i c h t i n g voor Fundamenteel Onderzoek der Materie" 

(FOM) with f i n a n c i a l support from the "Nederlandse 

Organisat ie voor Zuiver Wetenschappelijk Onderzoek" 

(ZWO). 
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4 . 3 E s s e n t i a l f a c t s 

J Phys F Metal Phys, Vol 9, No 6 1979 Primed in Great Briiain 

LETTER TO THE EDITOR 

Further evidence for electron-electron scattering 

in aluminium 

J H J M Ribott, J Bassi, H van Kempen and Ρ Wyder 
Research limitute for Materials Urmcrsily οΓ Nijmegen Toernooiveld Nijmegen The 

Netherlands 

Received 27 March 1979 

Abstract. Below 2 К the temperature dependent resistivity of ΛΙ is found to be dominated 

bv a term of the form AT2, with a coefficient A which is practically independent of 

residual resistivity p0 for values of Po differing by a factor of 160 This AT2 term is 

attributed to electron-electron scattering It is also shown that no simple power law 

can describe the behaviour of the resistivity between 2 К and 4 К 

Recent observations of approximately T2 variations of the electrical resistivities below 
2 К of К (van Kempen et al 1976, Rowlands et al 1978), Al (van Kempen et al 
1978), Ag (Khoshnevisan et al 1979b), and Cu (Khoshnevisan et al 1979a) have raised 
the possibility that the long sought after evidence of electron-electron scattering in 
simple metals at very low temperatures has at last been found There is, however, 
one difficulty with reaching this conclusion on the basis of published data Simple 
electron-electron scattering is expected to produce a resistivity contribution which 
is nearly independent of the residual resistivity Po over a wide range of p0 (Lawrence 
and Willems 1973), and this independence has not yet been demonstrated for any 
of the four metals of interest 

In the case of K, the most studied of the four metals, the expectation is actually 
at variance with the facts, instead of being nearly independent of />0, the magnitude 
of the nominally T 2 component increases rapidly with increasing p0 For Cu, Ag, 
and Al, the published measurements refer only to ultra-high purity samples, and 
only in the case of Al have reliable data been obtained on samples with differing 
values of p0 For Al, it was found (van Kempen et al 1978) that below 2 К the 
resistivities of four different samples were consistent with the equation 

ρ = p0 + AT2 + ВТ5 (1) 

and that the coefficient A increased by no more than about 10% as p0 increased 
from 0-67 χ 1 0 " 1 2 П т to 292 χ 1 0 ~ 1 2 П т (corresponding lo residual resistance 
ratios, RRR = (R(300 K)/R(l 2K), decreasing from 40600 to 9300) 

Because of the importance of an unequivocal demonstration that A is independent 
of p0, especially in view of the contrary results for K, we decided to extend measure
ments of the resistivity of Al to much higher values of p0 

t Present address Technical Faculty University of Suriname Kleine Waterstraat 8 Paramaribo Suriname 
X Present address Physics Department Michigan Stale University Fast Lansing, Michigan 48824 USA 

0305-4608/79/060117 + 06 $01 00 © 1979 The Institute of Physics |_117 
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»10"B 10 

Figure 1. (l/ΤχΛρ/ΛΓ) as a funclion of Γ 3 for the nine samples listed in table I The 
samples are designated by the following symbols 1, (o). 2, ( ·), 1, ( + ), 4, (x), 5, (T), 
6, (A), 7, (H), 8, (•), and 9, (Oj 

In this Letter wc report, for the first time in any simple metal, clear evidence 
that the coefficient A is practically independent of p0 over a broad range of p0. 
In the process of making these measurements, we also obtained new information 
concerning the form of ¿>(T) in Al between 2 К and 4 K. We present these additional 
results at the end of this Letter 

Since Al becomes superconducting below 1176 K, it is not possible to determine 
p0 directly from measurements at ultra-low temperatures. It is therefore necessary 
to eliminate it from the problem by analysing the temperature derivative of the experi
mental data. The dominant T1 variation can then be isolated from equation (I) 
by plotting (1/T) (dp/dT) against T 3 . If equation (1) is obeyed, the data should fall 
on a straight line, which intercepts the vertical axis at the value 2A 

Figure 1 shows such a plot for nine samples Samples 1 to 4 are the ultra-pure 
samples initially studied (van Kempen el al 1978)t. Samples 5 and 6 are two new, 
much less pure samples obtained from two independent sources Samples 7, 8, and 
9 arc three different pieces cut from a single foil of intermediate purity and used 
to test whether the coefficient A could be substantially changed by different annealing 
treatments. Sample 7 was annealed in air. Sample 8 was annealed in H2, as were 
samples 1 to 6 Sample 9 was measured unannealed The parameters of all nine 
samples are listed in table 1. 

We see from examination of figure 1 and table 1 the following facts. 

(1) Below 2 K, the T 2 component of equation (1) dominates the temperature 

t The filled circles in figure 1 are the same data as given in van Kempen et al (1978), but with a 5% 
correction for an inadvertent systematic error This correction removes the apparent size dependence 
of the T^ term noted in that paper 
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Table 1. Sample characlenslics. 

Diam (mm) 

И 
30 
30 
30 
20 
10 
10t 
10t 
10t 

RAR 

29000 
40600 
21000 
9300 

255 
245 

4100 
4500 
1100 

Ро(10" 1 2Пт) 

093 
0-67 
130 
2 92 

106 80 
11064 

6 63 
6 01 

22 45 

А[іО-"Пі 

28 ± 0 1 
27 ± O I 5 

29» ± 0 1 ' 
2 8' ± 0 2 
3 0 ^ 0 - 4 
3-05 ± 0-3 
27 ±0 ·1 5 

2 7 ± 0 1 5 

3-0' ± 0-3 

t Samples 7, 8, and 9 had square cross sections 

dependent resistivity. Thus the magnitude of Λ is not sensitive to the exact form 
of the additional component. 

(ii) There is no systematic variation of A with p0, and the values of A for all 
nine samples are the same to within about 10 to 15%. Within experimental uncer
tainty, all of the data are consistent with the single value, A = 2-8 χ ΙΟ"1 5 ΩιτιΚ"2. 

(iii) As indicated by the behaviour of samples 7, 8, and 9, there is little variation 
of A due to different annealing treatments We note especially that the unannealed 
sample, which was much harder than the other two samples, and thus surely con
tained a much higher dislocation density, still gave only a slightly higher value of A. 

(iv) There is no significant variation of A with sample diameter in cither the 
pure range (compare sample 1 with sample 2) or the dirty limit (compare samples 
5 and 6). 

(v) The data for all nine samples are consistent with straight lines in figure 1, 
and thus with equation (1) 

Finally, we also checked that the coefficient A was independent of the measuring 
current for changes in the current by factors of two or more. 

We conclude from these facts that the coefficient A is practically constant for 
a variation of p0 by a factor of 160, and that the value of A is little affected by 
differences in sample size, annealing procedure, or the presence of a substantial dislo
cation concentration. This behaviour is completely different from that observed in 
K, but very much like that recently reported for the transition metal W (Lîher et 
al 1979), in which electron electron scattering is believed to dominate the temperature 
dependent resistivity below 2 K. 

If we consider alternatives to electron-electron scattering as possible sources for 
the T2 term, we can rule out inelastic electron-impurity scattering (Kagan and Zher-
nov 1971, Bass 1972) because the coefficient A does not increase linearly with po· 
We can also rule out size-effects, both because we see no obvious effect of changing 
the sample diameter and because published information for Al wires (Van Zytveld 
and Bass 1969) indicates that we would have needed samples at least 20 times thinner 
to reproduce the magnitude of the A which we observe If we attempt to attribute 
the T2 term to electron phonon scattering, then we contradict recent calculations 
for Al (Lawrence and Wilkins 1972, Kaveh and Wiser 1975), which predict a more 
rapid than T2 decrease of the electron phonon resistivity in our temperature range 
for samples m which electron-impurity scattering is dominant. There thus appears 

84 



LI 20 Letter to the Editor 

to exist in the literature no satisfactory explanation for our data other than electron-
electron scattering If the behaviour we observe is not due to electron electron scatter
ing, then it indicates a fundamental lack in our understanding of the very low 
temperature resistivity of metals 

If, however, we attribute the T 2 component to electron-electron scattering, then 
the insensitivity of A to changes in p 0 , sample size, etc, is exactly what would be 
expected Moreover, the remainder of the resistivity then varies with temperature 
about as predicted for clectron-phonon scattering On the other hand, we must admit 
that the A which we derive is more than an order of magnitude larger than predicted 
by the only published calculation of electron electron scattering in Al (Lawrence 
and Wilkins 1973), and indeed, about half as large as the value observed in W 
(Uhcr et al 1979) It is thus surprisingly large However, m view of the uncertainties 
in the calculation such a large value is by no means beyond the realm of possibility 

We therefore contend that the new data presented in this Letter provide strong 
evidence for the presence of electron-electron scattering in Al with a magnitude 
slightly larger than that estimated indirectly by Kaveh and Wiser (1975), and, in 
fact, represent the best existing evidence of such scattering at low temperatures in 
any simple metal 

We conclude with a brief discussion of the form of p(T) for Al between 2 and 
4 К This discussion is stimulated by the disagreement in the literature over whether 
p(T) varies in this temperature range as T1 (Garland and Bowers 1969, Garland 
and van Harlmgen 1978) or as r J (Willott 1967, Panova et al 1969, Senoussi 
and Campbell 1973, Babic et al 1976) 

© © Θ 
3 05 

- Э 00 

С 110 70 1 0 0 -

0 95 

Τ' IK') 

Figure 2. The resistivities of samples 1 4 and 6 as a function of Tl 
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Figure 3 The resistiviiies of samples 1 4 and 6 as a function of T3 

In fact, as shown in figures 2 and 3, we find neither a T 2 nor a T 3 varidlion, 
bul rather a more complex behaviour which changes qualitatively as p0 increases 
Figure 2 shows that all of our data decrease more rapidly than T 2 as Τ is lowered 
from 4 К to below 2 К Figure 3 shows that a T 3 variation is closer to reality, 
but still not exact The data for the purest samples tend to decrease less rapidly 
than T 3, the data for the least pure samples to decrease more rapidly and the data 
for a sample of intermediate purity turns out to \ary nearly as T 3 We conclude 
that there is no simple power law variation of p(T) in this temperature range which 
is valid for all values of p0 

This complex variation of p(T) with Г is in accord with expectation if what 
is being observed is the sum of electron electron scattering, which presumably con
tinues to increase as T2 above 2 K, and electron phonon scattering, which varies 
approximately as T 5 below 2 К and then more slowly above A more detailed analysis 
of the form of the electron phonon term will be given in a future publication (Ribol 
et al 1979), in which we will present and interpret all of the experimental data we 
have obtained, and describe those experimental techniques and procedures which 
have not already been published (van Kempen et al 1978, 1979) 

Part of this work has been supported by the 'Stichting voor Fundamenteel Onderzoek 
der Materie' (FOM) with financial support of the 'Nederlandse Organisatie voor 
Zuiver Wetenschappelijk Onderzoek' (ZWO) The authors would like to thank R 
van Vucht and G Bruis for assistance with some of the measurements reported in 
this Letter J Bass would also like to thank the University of Nijmegen for its kind 
hospitality during his sabbatical leave from Michigan State University 
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4.4 The temperature dependent resistivity of aluminum below 4.2K. 

Abstract 

The resistivities of nine aluminum samples, ranging in resistan

ce ratio from 245 to 40600, have been measured as a function of tem

perature from 1.2 to 4.2K. The temperature dependent part of the re-

2 

sistivity can be interpreted as consisting of a Τ term, represen

ting electron-electron scattering, and a term approaching Τ at lower 

temperatures, caused by electron-phonon scattering. Saturation into 

a dirty limit is observed at the lowest temperatures. 

I Introduction 

Aluminum is often chosen to test current theories of electrical 

transport properties, because it is a simple metal for which the 

electrons can be treated as a nearly free gas . Moreover, it is 

2 
metallurgically relatively easy to handle , and can be obtained in 

very high purity. These characteristics make it a suitable metal for 

investigations of the behaviour of the resistivity as a function of 

temperature and of deviations from Matthiessen's rule. In this paper 

we hope to clarify some experimental points concerning these two sub

jects in the temperature region from the superconducting transition 

temperature of ΑΙ, Τ = 1.18K, up to 4.2K. In particular, new data 
с 

are presented concerning both the variation with temperature of the 

resistivities ρ of Al samples having different residual resisti

vities ρ , and the variation with ρ of the resistivities of Al sam-

o о 

pies at fixed temperatures. 

The ma]or experimental problem, which results from the high 

Debye temperature of Al (0 =425K), is the fact that for even the 

purest available samples, the temperature dependent resistivity 

Ρ(Τ) = ρ - ρ , is only a small fraction of the residual resistivi

ty ρ below 4.2K. This means that very high precision measurements 

are needed to resolve small changes in ρ (Τ), and a smooth and accu

rate temperature scale is needed to reliably ascertain its tempera-
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ture dependence. 

In this paper new measurements of ρ for Al below 4.2K are pre

sented, which are believed to be of higher precision, and to be ob

tained with a more carefully determined temperature scale, than any 

previously published. These two advantages allow clarification of 

some experimental points which have been at issue. 

The paper is organized as follows. The next section contains 

a brief review of previous work on the low temperature resistivity 

of Al, both theoretical and experimental, in order to motivate the 

present measurements. In section III, technical details of the 

measurements are discussed, including sample preparation, measuring 

technique and procedure, and temperature determination. In section 

IV, the data are presented. In section V, their interpretation is 

discussed. 

II Review of previous work 

A) Theory 

For the purposes of the present discussion, it is convenient 

to separate the temperature dependent resistivity of a sample of Al 

into three components : 

p(T) = ρ (с,Τ) + ρ Лс,Т) + ρ „(с,Τ). (1) 

el-el el-ph el-o 

D p , ,(с,Τ) is due to electron-electron scattering. This term 
el-el 

is expected to vary as Τ , with a coefficient A which is practically 

independent of impurity concentration c. It can therefore be written 

in the form: 

ρ
 η
 . = AT

2
. (2) 

el-el 

The coefficient A has recently been estimated for Al to be 

-15 -2 3 
A = 0.12 χ 10 ΏπιΚ . 

2) The symbol ρ , , (с,Τ) is used to indicate the contribution 
el-ph 

due to electron-phonon scattering, but limited to the confines of 

the standard "anisotropy model" of deviations from Matthiessen's 

4 5 
rule ' . In this model, ρ , , (с,Τ) has two limiting forms. When 

el-ph 
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ρ 
ρ

 Ί
 . » ρ , it becomes ρ , , (Τ), called the "pure limit". When 

el-pn о el-ph 

ρ , . « ρ , it becomes ρ , . (Τ), called the "dirty limit". In 
el-ph o el-ph 

each limit, ρ (с,Τ) is expected to become independent of c. 

In the present experiment, D , . < 0.15 ρ for even the purest 

el-ph ' ь о r 

sample studied (ERR = 40 600), at the highest temperature measured 

(4.22K). The data to be presented are thus all either in or near the 

dirty limit. For Al, three calculations have recently been made of 
ρ _ . m this limit. All three agree that ρ , , (Τ) should vary as 
el-ph * el-ph ^ 

Τ as Τ ч- 0 К. ' ' . They thus predict that 

p
el-ph *

 B T 5
 '

 ( T Í 3 K ) (3) 

where the equality is expected to hold below about 2-3K. Estimates 

of the magnitude of В range from about 9 to 20 χ 10 ΩιηΚ . As 

the temperature is increased above about ¿Κ, ρ is expected to 

increase more slowly than predicted by Eqn. 3. 

3) Finally, ρ (с,Τ) is used to designate any remaining resis

tivity components resulting from, for example, electron-surface 

scattering, electron-dislocation or electron-grain boundary scatte

ring, and from higher order contributions to ρ (с,Τ) not covered 

el-pn 

in term 2. An example of this last is inelastic electron-impurity 

scattering, for which ρ is predicted to be proportional to both 

Τ and с ' ' .We also include here a recently reported claim that 

a current dependent "remnant superconductivity" is visible in Al to 

well above Τ . 

В) Experiment 

If the above mentioned estimates for ρ , , and ρ , . are 

el-el el-ph 

valid, then the observed ρ(Τ) for Al should vary very nearly as Τ 
2 

below about 3K, since the Τ component due to ρ would be only 

a small fraction of ρ(Τ), even at Τ . It is therefore a bit surpri-

c 

sing that published measurements of ρ(Τ) below 4K show quite a dif

ferent behaviour. In fact, there is controversy as to the precise 

2 12 13 

form of ρ(Τ), with some investigators reporting a Τ variation ' , 

and some a Τ variation ' ' . One of the purposes of the present 

investigation was to try to resolve this controversy. 
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In addition, if the "amsotropy model" of deviations from 

Matthiessen's rule provides a complete description of such devia

tions, then, as noted above, in the dirty limit ρ , . (с,Τ) should 

el-ph 

become independent of the impurity concentration c. This process is 

referred to as "saturation" into the dirty limit in the sense that 

the magnitude of the resistivity "saturates" as a function of in

creasing c. 

At higher temperatures (T > 14K), where quite a bit of data 

exists, it is generally agreed that saturation has not been found 

17 1Ö 

' . However, this conclusion depends upon data taken with very 

impure samples which required special metallurgical handling. By 

going to lower temperatures (e.g. Τ < 4.2K), it is possible to 

greatly reduce the concentration of impurities needed to reach the 

"dirty limit". Therefore one might hope to resolve this question of 

saturation. However, a much higher measuring precision is needed in 

the electrical resistivity measurements. A second purpose of the 

present investigation was to investigate the question of saturation 

of p(c,T) at 4.2K and below. 

Technical details 

A) Sample Preparation and Characterization 

Measurements were performed on nine Al samples with residual 

19 
resistance ratios, RRR, ranging from 245 to 40 600 (see Table I) 

The samples fell into three categories. 

I) The four purest samples (nr. 1-4) were cylindrical wires 

about 1.5 meters long, wound in a double helix around a quartz 

cylinder. The diameter and length of the helix were both about 

40 mm. Before mounting, the samples were cleaned in a 40% 

NaOH solution. This facilitated the spotwelding to the samples 

of 1 mm diameter ultra-pure Al wires for potential leads. These 

leads were several cm long, and were attached at least 10 wire 

diameters m from the ends of the sample. The welds were made 

with the minimum electrical energy needed to achieve mechanical 

stability, and showed no extra oxide formation. A test weld 
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had a resistance less than 5 χ 10 Я at 4.2K after annealing. 

After the potential leads were attached, the samples were an

nealed in dry hydrogen (< 10 ppm H„0) at one atmosphere pres

sure for one hour at 773K and one hour above 673K, after which 

they were cooled slowly to room temperature over a period of 

about 10 hours. A given sample was then mounted in the measuring 

system, and superconducting current and potential wires were at

tached to it using superconducting solder containing Pb, Sn, and 

л
 2 0 

Ag . 

II) The two lowest purity samples (nr. 5 and 6), were straight, 

cylindrical wires about 10 cm long. They were cleaned in the 

NaOH solution, annealed m hydrogen as described above, and then 

recleaned in the solution. Ultra-pure Al potential leads were 

then spotwelded to each sample about 2 cm in from each end. The 

potential leads were long enough so that their free ends ex

tended to the center of the sample. The sample was then mounted 

and the current and potential leads attached with solder as 

above. 

Ill) Three samples of intermediate purity (nr. 7-9) were used to 

check for possible effects of sample geometry, spotwelding, 

and annealing atmosphere on the data. These samples were spark-

cut from a single Al sheet of 1 mm thickness. Each sample was 

approximately 10 cm long, 1 mm wide, and contained four tabs, 

1 mm wide and 2 mm long, located symmetrically on the sample, 

about 1 cm in from each end. After spark-cutting, the samples 

were cleaned in the NaOH solution. Sample 8 was annealed in hy

drogen like samples 1-6, except that it was annealed for a 

longer time. Sample 7 was annealed in air. Sample 9 was left 

unannealed. Each sample was mounted, current contacts were 

soldered to its ends, and potential contacts were soldered to 

the ends of two of the tabs on the same side of the sample. 

As will be seen below, the resistivities of these three samples 

were sufficiently close to each other, and to those of the 

other samples, that it can be concluded that changes in sample 

geometry, spotwelding of potential leads, and different annealing 
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atmospheres, all produced too little changes in what was observed 

to be significant. 

After the measurements, seven of the nine samples were etched to de

termine typical grain sizes along the length of each sample. The 

values obtained are listed in Table I. In each case examined, the 

grain size was larger than the estimated electron mean-free-path at 

4.2K. 

The geometrical factor (length divided by cross-sectional area) 

was determined for each sample with a precision of < 0.1% by measu

ring the resistance at room temperature Τ , and assuming a resisti-

21
 r 

vity of ρ(T ) = 24.28 + 0.113T nflm , where Τ is measured in de-
r r r 

grees Celsius. The geometrical factors determined in this way were 

equal to the directly measured lengths divided by the cross-sectional 

areas to within the measuring error of < 3%. No corrections have been 
21 

made for sample contraction (0.37 + 0.02%) between room temperature 

and liquid helium. 

B) Electrical Measurements 

The resistances of the samples at helium temperature were mea

sured with a bridge circuit, immersed in the liquid helium, that con

sisted of the sample R , a comparison resistor R , and a superconduc

ting flux-gated galvanometer. The galvanometer was used as a null-

detector in a feedback system, which regulated the ratio of the two 

currents, I and I-, going through R and R», respectively. The two 

currents were delivered by a current comparator which under optimal 

conditions provided a precision In ~L /~L of 0.1 parts per million 

(ppm). The entire electrical measurement system is described in 

detail in Ref. 22. 

At helium temperatures, the achieved precision in 1/1 (and 

thus in R.) was limited by the sensitivity of the flux-gated galva

nometer. It thus depended both upon the magnitude of the current 

used, and upon the ratio R /R . The maximum current through the sam

ple was always chosen to be 0.3A or less. The achieved relative pre

cision in the measurement of R. is defined as the ratio of the smal

lest reliable digit to the total value of R. , using the largest mea-
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suring current employed with the given sample. The appropriate values 

are given for each sample in Table I. These values indicate the random 

uncertainties in R resulting from the electrical measuring process 

alone, using the maximum current employed. 

For several samples, different currents were used to check that 

the inferred resistances were independent of the magnitude of the cur

rent. An example of the results obtained is shown in Fig. 1, which 

Τ Δ Τ (10"
,5
ЛтК

2
) 

10 

Fig. 1 

Л а 

Δρ/ΤΔΤ versus Τ for sample 4, measured with tuo different 

currents; crosses are measured with a current of 0. 3 A, 

the open circles with 0.0? A. 

shows for sample 4 the values of Δρ/ΤΔΤ obtained with measuring cur

rents of 0.3A (crosses) and 0.07A (open circles). As illustrated 

there, no current dependence of R was ever found to within the 

achieved relative precision for the smaller current used (i.e. to 

within the value listed in table I multiplied by the ratio of the 

larger current to the smaller). 

22 

As described elsewhere , the comparison resistors were sepa

rately tested with currents up to 1A, and no current dependence was 

94 



found. The maximum current through a given sample was always chosen 

to keep the current through the comparison resistor less than 1A. 

For sample 2, the transition through Τ was measured to see if 

с 

the magnetic field of the current and the earth's magnetic field had 

any effects outside the immediate transition region. The data are 

shown in Fig. 2. The observed shift in transition temperature and the 
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Fig. 2 The derivative of the resbstivity Δρ/ΔΓ versus Τ for sample 

2 around the superaonduating transition temperature. Τ 

indicates the ігапзіігоп temperature of a temperature aali-

bration device; the dashed lines indicate the breadth of the 

expected transition. The broadening and shift of the mea

sured transition of sample 2 can be explained by effects due 

to a combination of the self-magnetic field due to the cur

rent in the sample, plus the earth's magnetic field. The 

solid line gives a fit to p(T) = AT + BT between 1.2 and 

2.2 K. 
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broadening of the transition are in accordance with the calculated 

variation of the magnetic field over the sample (between 0 and 

-4 
10 Τ for this sample). A decrease of 56 K/T in the transition tem-

23 
perature was assumed . To minimize effects of the earth's magnetic 

field, the measurements on samples 4-9 were made with the samples 

enclosed in a Pb shield surrounded by a sheet of μ-metal. 

Following a report of a large temperature dependence in ρ(Τ) 
2 

for Al below 2K using current densities of less than 1 A/cm , we 

looked for such an effect in both the high purity sample 4 and the 

low purity samples 5 and 6. No such effect was observed, and the re

port was subsequently attributed by its authors to difficulties with 

24 
soldered potential leads . We have not checked a much smaller re-

24 
ported effect, occurring only in still lower purity samples 

Aside from uncertainties associated with temperature determi

nation, which will be dealt with in the next section, the only other 

potential source of uncertainty in R is uncertainty in the tempe

rature dependence of R_. Sample 1 was measured against a comparison 

resistor of commercial copper with berylium which had —-— « -2x10 К 

The other samples were measured against a resistor made of copper 

with 5% phosphorous which had — — ^ -10 К . The temperature 

dependences of each of these resistors was determined by comparison 

with an as-nearly-identical-as-possible resistor held at a constant 

temperature of 4.2K. The resulting measurements had a scatter about 

a smooth curve of about + 1 ppm from 4.2K down to 1.5K. Below 1.5K, 

only a single point was taken, at 1.25K. This point fell below the 

continuation of the smooth curve by about 2 ppm. These uncertainties 

become significant only for the three or four least pure samples at 

the lowest temperatures. 

C) Temperature Determination 

Temperatures were determined by measuring the vapour pressure 
4 

of the He bath in which the sample was immersed. The primary pres-

sure meters were two quartz tube manometers , one 0-100 Torr and 

one 0-1000 Torr, with resolutions of 0.0005 and 0.005 Torr, respec

tively. The accuracies of the vapour pressure temperatures were 
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checked with two secondary thermometers, one a He vapour pressure 
4 

bulb immersed in the liquid He, and the other a factory calibrated 
27 

germanium thermometer . In addition, the temperature scale was ex
plicitly tested at three standard calibration points, one at the 

lower end, one in the middle, and one at the higher end; namely, by 
2fì 

measuring the Τ 's of Al and In and by measuring Τ . Details of 

the measuring and calibration procedure are given in Ref. 29. 

The achieved accuracy compared well with different realisations 

of the Τ temperature scale at various national laboratories as 
bo 

reported in Ref. 31, and is estimated to be within + 2mK over the en

tire temperature range (1.16 - 4.22K), and somewhat better below Τ . 

The reproducibility achieved between different runs with the same 

sample was normally about O.SmK, except just above Τ , where it was 

A 

somewhat larger. Occasional larger differences revealed the need for 

care to be sure that the system had completely equilibrated for the 

most important data points. 

Since most of the errors in temperature are systematic in nature, 

and slowly varying functions of temperature, the accuracies in tempe

rature differences are somewhat better than the accuracies in the tem

peratures themselves. Thus we estimate the accuracy in ΔΤ below T, 

to be about 0.3 mK for ΔΤ = 0.1K, and above Τ to be about 1 mK for 

λ 

ΔΤ = 0.2K. 

All temperatures in this paper are expressed on the Τ scale 

58 

Calibrations which were expressed on different scales have been cor

rected to the Τ scale according to Ref. 31. The differences between 

58 

the thermodynamic temperature scale and Τ , as reflected in the dif-
31 

ference between Τ and Τ , are smooth and too small to signifi-
58 7b 

cantly affect the data analysis to be presented below. 

Except for occasional cases where the temperature had apparently 

not completely equilibrated* the achieved uncertainties in the ex

perimental data and its derivatives were about what would have been 

expected from the uncertainties estimated above for Τ, ΔΤ, and Δρ. 

Thus for the purest samples, the uncertainties in Δρ/ΔΤ were usually 

* 1%, with comparable contributions coming from Δρ and ΔΤ. The scat

ter in the data is illustrated in Fig. 3. As the impurity content 

The greatest problems of this sort occurred just above Τ . -_ 



Τ Δ Τ (1б'
5
ЛтК

2
) 

Fig. 3 íp/(ThT) versus Τ for sample 1. The solid line gives a fit 

to p(T) = AT + BT . The interrupted line gives a fit to 

p(T) - AT + CT4. The typical relative error for the data 

points is about 0.8% coming about evenly from the errors in 

An, ΔΓ and Γ3
. 

increased, so that Δρ became a smaller fraction of ρ , the uncertain-

o 

ties in Δρ became dominant, and the total uncertainty in Δρ/ΔΤ in

creased. Thus, in spite of the use of larger temperature differences 

than for the pure samples, the uncertainties in Δρ/ΔΤ for the least 

pure samples were typically several percent below Τ . This is the 

reason for the larger estimated uncertainties in the coefficients A 

for these samples listed in Table I. 
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IV Experimental results 

Table I summarizes the characteristics of the nine samples stu

died. It also contains results of some of the measurements to be 

described. 

We begin first with the question of the temperature variation 

of ρ(Τ). To circumvent problems with extrapolating ρ to obtain ρ , 

the data are represented as derivatives. The derivative 

Δρ/ΔΤ = [ ρ(Τ ) - p(T )]/(T -Τ ) was taken with temperature intervals 

ΔΤ chosen so as to give comparable precision in the derivatives for 

all points. This means that in general ЛТ'з were smaller below 

Τ (ΔΤ - O.IK) than above Τ (ΔΤ = 0.25K), and larger for the more im

pure samples (ΔΤ = 0.2K below Τ ) because of decreased resolution in 

P(T). 
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Fig. 4 Δρ/(TM) versus Τ for all samples. The samples are 

designated by the following symbols: 1 (o); S (·); 3(+); 

4 (x); S(T); в (*•); 7 С); 8 С); 9 Ρ). 
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Fig. 4 illustrates the form of ρ(Τ) in terms of a plot of 

(1/T)(Δρ/ΔΤ) as a function of Τ . Such a plot should give a straight 

line if ρ(Τ) has the form 

2 5 
ρ (Τ) = AT + BT . (4) 

Äs indicated in section II above, this is the form expected from 

theory in the temperature range Τ < Τ . 

Some important results concerning the form of ρ(Τ) can be read 

2 
directly from figure 4. First, ρ(Τ) is not simply proportional to Τ 

over the whole interval as claimed by some previous investigators 

12 13 

' , as this would have given a horizontal line in this picture. 

Second, it is not simply proportional to Τ either, since such a 

form would give rise to a straight line which passes through zero 

at Τ = OK. Finally, in contradiction to investigators who claimed 

that Τ fit their data well, ' ' , such a temperature dependence 

is only a fair approximation to our data at the highest temperatures. 

Its failure is indicated more clearly in Figs. 5 and 6. In Fig. 6 

it is seen that for samples of intermediate-purity the data can be 

fit to a Τ term reasonably well at the higher end of the tempera

ture interval. However, the samples with highest purity increase in 

resistivity more slowly than Τ over the entire temperature interval, 

and the samples of lowest purity increase more slowly than Τ at 

the lowest temperatures and faster than Τ at the highest. 

As illustrated in Figs. 3 and 5, below Τ the temperature de

pendent resistivity can be well represented by ρ(Τ) = AT + BT with 

m = 2 and η = 5. Because of the limited temperature interval, and 

the smallness of ρ(Τ) compared to ρ , the errors in the power coef

ficients are not negligible and, of course, interrelated; we find 

m = 2.2 + 0.3 and η = 5 + 1. 

Given this form for ρ(Τ), values of the coefficients A and В 

can be determined for all of our samples, and then compared with 

theory. The values obtained are listed in Table I. For B, the values 

obtained, although highly uncertain, are comparable to what has been 

predicted for ρ , , ' . Because of the large uncertainties, no more 
el-ph 

can be said. 
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TJ(KJ) 

Fig. S άρ/(ΤΔΤ) versus Τ Ьеіаы 2. IK for all samples. The dashed 

line shows the form of p(T) * Τ with coefficient chosen to 

agree with the data for sample 1 (o) at 2.IK. For explana

tion of the symbols, see fig. 4. 

For Ä, however, a more detailed analysis is possible. First, for a 

variation in ρ by a factor of 160, A does not vary by more than 

10 or 15%. Second, as indicated in Table I, all of the values are 

consistent to within experimental uncertainty with A = 2.8 χ 10 
-2 

ПтК . Third, as illustrated in Fig. 7, there is no clear systematic 
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Fig. 6 The resistivities p„ of samples 1, Û and 6 as a function of 

T3. 

dependence of the value of A on either sample purity, sample thick

ness, or dislocation density (sample nr. 9 was left unannealed, and 

thus certainly had a considerably higher dislocation density than 

the other eight samples.) 
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Fig. 7 The coefficient A of the Τ term in the resistivity versus 

the residual resistivity ρ . All data are consistent, with-
0 -5 

гп the uncertainties, with A = 2.8 χ 10 От. 

We conclude this presentation of experimental data by examining 

the question of "saturation" of ρ(Τ) into a "dirty limit" at fixed 

temperatures. 

Fig. 8 shows that the data do saturate into such a limit, to 

within experimental uncertainty, at 1.87K. Because, at such a low 

temperature, the temperature dependent portion of the resistivity 
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Τ ΔΤ (10-15ПтК"2) 

10 
en(10-12Am) 

1000 

Hg. β Δρ/ΓΓΔΓ; plotted versus ρ for all samples at Τ = 1.87 К. 

is an extremely small fraction of the total resistivity, we have plot

ted the data in this figure in the derivative form, so as to complete

ly remove any uncertainty due to the unknown quantity ρ . 

At 4.2K, the relative uncertainties in ρ are small enough to 

allow us to look directly at ρ(Τ), as is done in Fig. 9. Here, how

ever, scatter in the data, caused by different dominant impurities 

in different samples, makes it impossible to draw any definitive 

-12 
conclusion. Saturation may be reached for ρ > 10 Ωιη, but it is 

о -

also possible to infer that it has not been reached. 

The complete set of values of ρ , for all nine samples studied, 

are given in an appendix at the end of this thesis. 

V Discussion 

In the previous section, it was demonstrated that below 2K the 

temperature dependent resistivity of Al is dominated by a component 
2 

which varies as Τ , and which has a magnitude which is practically 

independent of the properties of the samples studied. This indepen-
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Fig. 9 The temperature dependent part of the resistivity at 4.2K, 

ρ (4.2K)J plotted versus the residual resistivity ρ . The 

filled circles represent the samples described in this paper, 

plus two additional samples measured just for this figure. 

The other data come from references 16, 36 and 37. 

dence of sample properties allows any quantity which varies substan

tially from one sample to another to be ruled out as the source of 
2 

this Τ term. 

Samples 1 and 2 were of comparable purity, but differed in dia

meter by a factor of 2. In sample 1, surface scattering probably pro

duced more than half of the residual resistivity ρ , while in sample 

о 
5 such scattering could not have produced even 1% of ρ . These two 

facts allow surface scattering (size-effects) to be ruled out as the 

2 32 
source of the Τ term 

In samples 1 to 4, grain sizes were comparable to the diameters 

of the samples. In sample 2, grain boundary scattering probably pro

duced at least 10% of ρ .In contrast, in samples 5 and 6, the 

о 
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grains were very much smaller than the sample diameters, but, because 

of the lower sample purities, almost surely produced no significant 

contribution to ρ . Taken together, these facts allow temperature 
0
 21 

dependent grain boundary scattering to be ruled out. 

The number of dislocations is high in the unannealed sample 9 

14 2 
(about 10 lines/m , estimated from the increase in ρ relative to 

samples 7 and 8 ), but much smaller in the other samples (< 10 

2 21 ^ 

Imes/m ) , which were well annealed. Yet the change m the magni-
2 

tude of the Τ term is less than 10 i. Dislocation scattering can 

thus also be ruled out. 

Interstitial gas atoms should be very different in samples 7,8 

and 9, which were annealed in air, in Η , and left unannealed, res

pectively. Scattering from interstitial gases can thus be ruled out. 

Finally, the impurity concentration between the purest and 

least pure samples differed by a factor of 160, with no significant 
2 

change in the magnitude of the Τ term. Effects due to substitutional 

4 9 10 
impurities, such as inelastic impurity scattering ' ' can thus al-

2 
so be ruled out as the source of the Τ term. 

These arguments leave only electron-electron and electron-phonon 

scattering to explain this term. However, as indicated in section II 

above, calculations of ρ , , in the dirty limit appropriate to the 

el-ph
5 

present samples all yield a Τ variation below about 2K. This predic-
2 

tion is completely at variance with the dominant Τ behaviour which 

is observed. 

There thus seems to be no satisfactory alternative to attnbu-

2 
ting the Τ term to electron-electron scattering. In agreement with 

expectation for such scattering, the magnitude of the coefficient 

A is not dependent on the impurity concentration. Support for this 

attribution is given by the analysis of Kaveh and Wiser , who obtained 

similar values of A upon subtracting their calculated values of 

16 

ρ , , (Τ) for Al from the experimental data of Senoussi and Campbell 
e l
"

p h
 -15 2 3 

The only published calculation of A (A = 0.12 χ 10 fim/K ), 

is a factor of 20 smaller than the value we find. However tins cal-
7 

culation presents some difficulties, and it has been suggested that 

it could be too small by an order of magnitude. The reason proposed 
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xs that small differences in screening lengths produce a large ef

fect on such a calculation , and the precise screening length for 

Al is not well known. 

2 
That a comparable Τ term was not found in RF size-effect mea-

34 
surements is probably due to the insensitivity of these data to the 

precise form of the scattering rate as a function of temperature. 

This makes it difficult to see both terms, which for RFSE measure

ments have almost the same Τ dependence and are of comparable magni

tude. 

2 
If the Τ term is attributed to electron-electron scattering, 

then the remainder of the data must be due to electron-phonon scat

tering. In such a case, it is this remainder which should vary as 

Τ below about 2K, and have about the predicted magnitude ' . In

deed, as indicated in Figs. 3 and 5, below 2K the remainder of the 

data are consistent with a Τ variation, and as indicated above, 

they also have about the predicted magnitude. 

It is perhaps worth noting that this predicted magnitude is 

considerably larger than the simple Bloch-Grüneisen limit for Al. 

The reason is as follows . The most effective parts of the Fermi 

surface for electron-phonon scattering processes in dilute Al are 

the regions near those Bragg planes ([ 200] and [ 111] ) which cross 

the Fermi surface. For temperatures which are low compared to a 

characteristic temperature 0 associated with the distortions of the 

Fermi surface near the gap (0 = 26K for the [111] plane), electron-
g 

phonon Umklapp scattering can be approximated by normal electron-

phonon scattering on a surface of large curvature (see e.g. Fig. 2 

of Ref. 6). The expected resistivity is then proportional to Τ for 

the same reasons that Τ is found for normal scattering processes in 

the Bloch-Grüneisen limit. However, the resistivity is higher than 

the Bloch-Grüneisen limit by a factor that depends upon the precise 

geometry and band gap energies. In the impure limit it is approxi

mately equal to the number of Bragg planes intersecting the Fermi 

surface times the ratio of the curvature of the small, important 

portion of the surface to that of the Free-electron sphere. By sub

stituting appropriate values , a ratio of about 10 was obtained for 
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Al. This is in qualitative agreement with the published calculations. 

As the temperature is raised above 2K, ρ is predicted to 

increase more slowly than Τ and, as illustrated in Fig. 4, this is 

what is observed. Moreover, as the temperature is raised, the purest 

samples begin to move out of the dirty limit, so that their resisti

vities should rise less rapidly than those for the less pure samples. 

This is also what is seen in Fig. 4. 

2 

We thus conclude that attribution of the Τ term to electron-

electron scattering leads to the result that the remainder of the 

data is nicely consistent with what is expected theoretically for 

electron-phonon scattering. 

Conclusions 

Saturation into a dirty limit has been observed in the tempera

ture dependent resistivity just above the superconducting transition 

temperature. The data support an analysis in which ρ(Τ) is made up 
2 

of a Τ term, representing electron-electron interaction, and a term 

representing electron-phonon scattering. The first term does not de

pend on size, impurity content, dislocation density or annealing pro

cedure of the samples. The last term is consistent with the form BT 

below T=2K for all samples. This is the expected behaviour for elec

tron-phonon scattering in the dirty limit. Above T=2K the tempera

ture dependence of this term is clearly slower than Τ and depends on 

the purity of the samples. The magnitude of the term is about as ex

pected from theory, and tends to support the view that deviations 

from Matthiessen's rule for aluminum below T=4K can be explained by 

variations in the anisotropy of the electron distribution. This still 

leaves open the question of the cause of the supposed non-saturations 

of ρ(Τ) at higher temperatures. 
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Table I 

Sample characteristics and main results. 

Sample 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Diam. 

(mm) 

1.4 

3.0 

3.0 

3.0 

2.0 

1.0 

1.0* 

1.0* 

1.0* 

1/area 

(IOV
1
) 

7.0 

1.8 

1.8 

2.0 

0.18 

0.83 

0.78 

0.80 

0.72 

R295.4K 

R77.6K 

12.08 

12.02 

12.01 

12.05 

P
o 

(10"
12
Ω) 

0.928 

0.667 

1.30 

2.92 

106.8 

110.6 

6.63 

6.01 

22.45 

RRR 

29000 

40600 

21000 

9300 

255 

245 

4100 

4500 

1100 

Nominal 

impurity 

(ppm) 

<0.5 

<0.5 

<5 

<8 

<100 

unknown 

<10 

<10 

<10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

grain size 

(mm) 

5 

1.5 

0.2 

0.25 

1 

1 

< 0.2 

relative 

accuracy 

(ppm) 

3 

4 

2 

1 

2 

1 

2 

2.5 

1.5 

(10 

2.8 

2.7 

2.9
5 

2.8
5 

3.0
5 

3.0
5 

2.7 

2.7 

3.0
s 

A 

1 5

t o
K-

2
) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.1 

0.15 

0.15 

0.2 

0.4 

0.3 

0.1
s 

0.1
s 

0.3 

в 

(10"
15
ΩιηΚ~

5
) 

0.04
5
 + 0.01 

0.05 

0.05 

0.06 

ЭР
Т
/6І 

(10"
16
Пт/А) 

<3 

<3 

<3 

* 

Samples 7,8 and 9 had square cross sections. 

109 



References 

1. N.W. Ashcroft, Philos. Mag. ¿, 2055 (1963). 

2. A.D. Caplm and С Rizzuto, J. Phys. С 3_# Lil? (1970). 

3. W.E. Lawrence and J.W. Wilkins, Phys. Rev. B7, 2317 (1973). 

4. J. Bass, Adv. Phys. 2J_, 431 (1972). 

5. M.R. Cimberle, G. Bobel and C. Rizzuto, Adv. Phys. 23, 639 (1974). 

6. W.E. Lawrence and J.W. Wilkins, Phys. Rev. B6, 4466 (1972). 

7. M. Kaveh and N. Wiser, Phys. Lett. 51A, 89 (1975). 

8. N.N. Bychkova and A.I. Kopeliovick, Fiz. Nizk. Temp. 3_, 458 

(1977); Eng. Transi. Ξον. J. Low Temp. Phys. 3_» 221 (1977). 

9. P.L. Taylor, Phys. Rev. 135, A1333 (1964). 

10. Yu Kagan and A.P. Zhernov, Zh. Eksp. Theor. Fiz. £0, 1332 

(1971); Eng. Transi, in Sov. Phys. - JETP ЗЗ̂ , 990 (1971). 

11. E. Zair, M. Sinvani, В. Levy and A.J. Greenfield, J. Phys. 

(Paris) C6, 496 (1978) (LT-15). 

12. J.С Garland and R. Bowers, Phys. Kondens. Mater. 9_, 36 (1969). 

13. J.С Garland and D.J. van Harlingen, J. Phys F £, 117 (1978). 

14. W.B. Wlllot, Philos. Mag. 16_ 691 (1967). 

15. G. Kh. Panova, A.P. Zhernov and V.l. Kutaitsev, Zh. Eksp. Theor. 

Fiz. 5£, 104 (1969), Eng. Transi, in Sov. Phys-JETP 29̂ , 59 

(1969). 

16. S. Senoussi and I.A. Campbell, J. Phys. F 3_, L19 (1973). 

17. E. Babic, R. Krsnik and M. Ocko, J. Phys. F 6_, 73 (1976). 

18. Y. Bergmann, M. Kaveh and N. Wiser, Phys. Rev. Lett. 32_, 606 

(1974) . 

19. The purest aluminum (samples 1 and 2) was obtained from Vereinigte 

Aluminium Werke AG Bonn Germany under tradename Kryal-0Z2. 

20. Alusol 45D from Multicore solders, Hempstead England. 

21. F.R. Fickett, Cryogenics 11, 349 (1971). 

22. H. van Kempen, H.W. Neyenhuisen and J.H.J.M. Ribot 

Rev. Sei. Instrum. 50, 161 (1979). 

23. D. Shoenberg, Superconductivity, University Press, Cambridge, 

England, 1962. 

24. M. Sinvani, B. Levy, and A.J. Greenfield (private communications). 

25. Lakeshore Cryotronics, Eden, New York U.S.A.; ρ = 1.26 fßm. 

110 



26. Mensor Corporation, Houston, Texas, USA. 

27. Cryocal Inc. Riviera Beach, Florida U.S.A. Model CR 1000. 

28. National Bureau of Standards U.S.A. model 767 superconductive 

thermometric fixed point device. 

29. Section 2.2 of this thesis. 

30. F.G. Bnckwedde, H. van Di]k, M. Duneux, J.R. Clement and 

J.K. Logan, J. Res. Natl. Bur. Stand. (U.S.) 64A, 1 (1960). 

31. L.M. Beslcy and W.R.G. Kemp, Metrologia _13_
f
 35 (1977). 

32. F.J. Blatt and H.G. Satz; Helv. Phys. Acta 32« 1007 (1960). 

33. C.A. Kukkonen and H. Smith, Phys. Rev. B8, 4602 (1973). 

34. V.A. Gasparov and M.H. Harutunian, Solid State Commun. 19, 

189 (1976). 

35. N.W. Ashcroft, Philos. Mag. 8, 2055 (1963). 

36. J.W. Ekln and B.W. Maxfield, Phys. Rev. В^, 4805 (1970). 

37. J.C. Garland and D.J. Van Harlingen, Proc. b.P.S. Study 

Conference on Transport Properties of Normal Metal«; and Alloys 

Bolow Θ , Cavtat, 1977, B. Leontic ed., Sveucilisna Naklada 
D 

Liber - Zagreb, p. 187. 

Ill 



5. The electron - phonon interaction in al kal i-metals. 

5.1 Introduction to point-contact spectroscopy. 

Ohms law is known to be a good approximation for the electri

cal conduction in metals. The resistivity is independent of the ap

plied voltage, because in normal situations electrons do not pick 

up enough momentum from the electric field between two scattering 

events to change their velocity appreciably, compared with the 

random motion. A new experimental technique to investigate direct

ly the energy dependence of the scattering processes in metals by 

studying deviations of Ohm's law of a small contact region between 

two pieces of metal was found by Yanson . By electric breakdown of 

—8 
a thin (about 10 m) insulating oxide layer between two metals, small 

conducting bridges were made that exhibited a non-linear current-

2 
voltage characteristic. Jansen in this laboratory applied the idea 

to point-contacts made by carefully pressing a sharp needle to a 

surface of a pure metal. The measured deviations of Ohm's law are 

several percent in the resistance R(V) (R(V) > 1 Ω) for applied vol

tages between zero and about 20 mV. The derivative of the resistance 

with respect to the applied voltage — т г ^ of the junction is mea-

dv 

sured directly and leads to information about the scattering 

processes. 

The electrons are accelerated in the junction by a large elec

tric field (= 10 V/m). These fields are normally not attainable 

in metals simply because of Poisson's equation leading to E i
=
^· 

In the point-contacts, made with very pure materials, the electron 

mean free path 1 in the bulk material is large compared to the di

mensions of the contact region. There 1 is effectively reduced by 

scattering on the wall. So almost the total voltage drop is over the 

small contact region, therefore accelerating the electrons effecti

vely. 

The electrons pick up extra energy in this region and are sent 

into the bulk metal. There they can loose momentum and energy by 

some scattering process. If the electrons return through the junction, 
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the process changes the resistance in a non-linear way. 

One scattering process is the spontaneous emission of a phonon. 

The electron with extra energy eV can loose an energy eV = Κω in this 

process, by emitting a phonon with energy hu. So if V is increased, 

this will make possible the emission of phonons with higher energies, 

and R(V) will increase. A sharp cut-off of this increase can be ex

pected at V = Κω /e because no phonons exist with energy above the 

Debye energy Ьш . 

Two scattering processes that are important for the understan

ding of the signal (— —-) of the point contact will be scetched 

R dV 

roughly below. 

Phonon-emission 

The most important part of the signal comes from the sponta-
- * • 

neous emission of a phonon with momentum q by an electron with mo-

-> · ->-

mentum к before and k' after the event so that because of momentum 
-• •+ -*- -*• 

conservation k' - k + q + Q = O i n the same notation as in chapter 1. 

For this process we will first try to write the usual resistivity ρ 

as an integral over energies instead of momenta as in chapter 1. Then 

one gets for the collision term in the Boltzmann - equation: 

[че] Σ I g (£,£') |
2 ¿(eik') - e (к) + hüHq)] 

scatt τ»-, ->• 
к' q 

х f (к) (1 - f (к')) (N(q) + 1) 

•+ ->-

Now this can be rewritten as summations over k' and iD(q) , and these 
- > - > • - > • - > 

summations can be converted to integrals over К = к - к' and ω(q). 

For the isotropic case, (good approximation for potassium) 

glkik') = gtk-k') and the out of equilibrium distribution can be ap-

. -> -»--+-
proximated by у(к)

 a :
k'E. Then ρ сап be written as 

ρ = ƒ" h'íhu/k τ) ζ (ω) du, with Ζ (ω) <* fd κ | g (Κ) |
 2 & (ω-ω (Κ) ) 

ο 

and h' (χ) a function resembling h(χ) of chapter 1, taking into ac

count the energy distribution caused by thermal motion. Now we can 
2 

define α (ω) F(ω) = Ζ(ω) where F(ω) is the phonon density of states. 

113 



The resistivity due to phonon scattering from a point-contact will be 

similar to the formula for ρ, except that the effectiveness of each 

scattering process is different due to the geometrical constraints 

of the hole. In the usual dc-resistivity it is only the momentum 

degrading aspect that counts, leading to the famous (1 - cosO)-term 

(see chapter 1). For the point-contact, only if an electron is scat

tered back through the junction one does get a contribution to the 

resistivity , leading to an efficiency term (1 - 0/tgO). 

So the resistance of a point-contact with electrons of energy eV 

3 4 
shooting into the metal can be represented by ' 

R(V) « /°°du al' Ы) F(u>) h' (eV
. ",*

1
") 

о t r
 V 

2 ' 
with α (ω)F(ω) resulting from the different integration procedure 

to obtain Ζ(ω). 

Electron - electron scattering 

Other scattering processes than collisions with phonons can be 

dR 
voltage dependent as well and may have influence on — in a point-

dv 

contact. One possible mechanism that is of interest here, because of 

the interpretation of the results of the resistivity of potassium at 

low temperatures (see chapter 3.4), is electron-electron scattering. 

In chapter 1, it was already indicated that the phase space available 

for k' and k„ in an electron-electron scattering process is propor-

2 1 2 2 

tional to (Дк) , and so the transition probability —
 α
 (Дк)

 α
 ε . 

For thermally excited electrons (e = к T) this results in 
1 2 

ρ α _ α τ _ For an electrically excited electron (e = eV) we obtain 

К a — <χ ν and thus rr— a
 V. A linear term is indeed found in some of 

τ dV 
the experiments on potassium. A first crude approximation to relate 

2 

the coefficient A from the Τ term in chapter 3.4, with the coeffi

cient С = — (— — ) of the linear term in V, gives 

к
 l l n 

A = С (—)
2
(p Я. RÍO))*5 

e 
m vF 

where ρ í, = г- , with ν the Fermi velocity and η the electron-

2 F 

η e 
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density. The linear term is found to be sample dependent and this 

might have the same cause as suggested for the sample dependent 

2 
Τ -term in the dc-resistivity (see chapter 3.4). 

Concluding remarks. 

The point-contact spectroscopy has become a powerful tool to 

investigate several interactions of the conduction electrons in 

metals. The electron-phonon interaction can be studied in a very 

direct way. No other experiment on non-superconducting metals gives 

the same information in such a direct way. This leads to an important 

check on theoretical calculations, i.e. a direct test for the relative 

2 

strength of the interaction (α (ω)) between electrons and longitudi

nal or transverse phonons. These experiments might also give infor

mation about other scattering mechanisms,like the strength of the 

electron-electron interactions. But the present theoretical analysis 

of these point-contact experiments has not yet developed so far. 
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5.2 Preliminary results. 
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POINT CONTACT SPECTROSCOPY IN ALKALI METALS: K, Na AND Li 
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P.H.H. Smeets and P. Wyder 
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Physical Abstracts classification numbers: 73.40.Jn, 63.20.Kr 

ABSTRACT 

The current-voltage characteristics of point contacts of the 

alkali metals K, Na and Li have been studied experimentally at li

quid helium temperatures. The observed structures in the spectra 
2 2 

(d V/dl ), measured as a function of the applied voltage, are in 

agreement with the structures of the phonon densities of states, and 

confirm pseudopotential-calculations of the electron-phonon interac-
2 

txon parameter a F. 
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Point contacts between normal metals are of considerable inte

rest, since they can be used to directly measure the energy depen

dence of the electron-phonon interaction in metals. In fact, for 

metals which do not superconduct, point contact spectroscopy appears 

to be the only method for obtaining such information. 

Yanson (1974) first showed experimentally that at low tempera

tures the current-voltage characteristics of a sufficiently small 

metallic constriction contained detailed information about electron-

phonon coupling in the metal. He showed that measurements of the 

2 2 
second derivative d V/dl (V = voltage, I = current) allowed the 

2 
determination of the Eliashberg-function α F, the phonon density 

of states multiplied with the averaged matrix element squared for 

the electron-phonon interaction. Since then, various metals, both 

superconductors and non-superconductors, have been investigated 

using point contacts formed either by electric breakdown of a 

metal-oxide-metal junction (Yanson and Kulik, 1978, and references 

therein), or by pressing two pieces of metal together in a control

led way (Jansen et ài., 1976 and 1978). 

In this paper, we describe pressure-type point contact experi

ments on the alkali metals K, Na and Li. We compare the measured 

point contact spectra with theoretical calculations of the electron-
2 

phonon interaction parameter o F based on pseudopotential theory, 

and use them to derive values for the electron-phonon mass-enhance

ment parameter. In addition to presenting these results for electron-

phonon scattering, we also discuss the possibility of observing ef

fects due to electron-electron scattering. Very recently, Lisykh and 

Yanson (1979) have published comparable point contact experiments 

on Na and Li using the method of two evaporated films with short cir

cuits in the insulator in between. As we will describe, our data 

show much more pronounced phonon structure than they found. 

The behaviour of a point contact can be characterized by the 

ratio of the electronic mean free path Л to the radius of the con

tact a (Knudsen number К = î./a) . For large Knudsen numbers, the 

current through the junction is proportional to the area of the 

contact (Sharvin, 1965) and is given to lowest order by 
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for a circular orifice with radius a. Here V is the applied voltage 

and ρ the resistivity of the metal. The resistance dV/dl obtained 

from formula (1) is independent of the electronic mean free path 

(because p(:) /I) and will be constant with respect to the applied 

voltage. The point contacts as investigated in our experiments, with 

resistances of 1-50 Ω and formed with pure metals, are in the regime 

of large Knudsen numbers. However, in contrast to equation (1), the 

observed current-voltage characteristics are non-linear. Kulik et 

al. (1977) and van Gelder (1978) have added voltage-dependent cor

rections to the zeroth order term of the current I of equation (1) 

о 

due to the electron-phonon interaction. With a voltage applied over 

the contact, electrons are injected from one metal into the other. 

Close to the contact, the distribution of the electrons in momentum 

space will be changed in such a way that there is a difference m 

kinetic energy (equal to the applied voltage) between electrons 

that have or have not passed through the orifice. Far from the ori

fice, the electron system has to be in equilibrium again, and via 

inelastic collisions with phonons the energy-difference will be 

washed out. Because the electrons can flow back through the orifice 

via inelastic scattering processes, i.e. spontaneous emission of 

phonons, a negative correction has to be added to the zeroth order 

term of equation (1). It is possible to determine these corrections 

by solving the Boltzmann equation with appropriate boundary condi

tions using Chamber's method of path integrals (Kulik et al., 1977; 

van Gelder, 1978). By iteration with respect to the collision ker

nel for the electron-phonon interaction, the first order correction 

to the current is found for the case of zero temperature to be 

3 eV ev 

I. = - ,, . ƒ de0 S de. α F (ε.-e,) (2) 

1 пе „рЯ. „ 2 1 ρ 1 2 

F 0 ε
2 

In this expression we have used the formalism introduced by 

van Gelder (1978). e is the energy of a hot in]ected electron and 

ε of a cold electron scattered back through the orifice. The func-
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2 2 

tion α F ¿Uffers from α F by an efficiency function η(θ) which de-
P 

pends upon the scattering angle θ between the momenta of the hot and 
Q 

cold electrons. Van Gelder (to be published) finds η(θ) = 4 (1- -r~pr) > 
tgö 

while Kulik et al. (1977) give a slightly different function. 

Differentiating equation (2) gives for 1 = 1 +1« 

«Ц = - ̂
 a

2
F v 

dV
2 h V

F
P
*
 P 

Equation (1) and the measured resistance at zero voltage allow the 

determination of the radius a of the contact. Normally, both dv/dl 

2 2 2 2 

and d V/dl must be measured in order to determine d I/dV , as dis

cussed below. However, for metallic point contacts in which the dy

namic resistance dV/dl is nearly independent of voltage, measurement 

2 2 2 

of d V/dl directly yields α F . 

In our experimental study, the purities of the starting mate

rials were as follows. K(3N7), Na(3N5), Li(3N). The samples were 

prepared in a pure atmosphere of helium with less than 5 ppm hydro

gen and oxygen. The experimental arrangement for the point contact 

is shown in Fig. 1. The rather soft alkali metals were attached to 

a copper pin at the top part of the holder and put into a little 

container at the bottom part. By means of a differential screw me

chanism, we could move the bellows of the holder up and down in or

der to adjust the contact, this adjustment could be done from the 

top of the helium filled cryostat. It was possible with this arran

gement to obtain stable metallic contacts with resistance values up 

to 50 Ω. It was found experimentally that it was necessary to cool 

down very slowly in order to get well defined spectra; this is pro

bably related to the martensitic phase transitions of Na at 40 К and 

Li at 80 K. For a stable contact the differential resistance dv/dl 
2 2 

and the second derivative d V/dl were recorded simultaneously as a 

function of the applied voltage. The derivatives were measured by 

means of phase sensitive detection methods, as is well known from 

superconducting tunneling spectroscopy. The modulation voltage used 

was 200-1000 yV, resulting in a resolution of ^ 2% of the Debye 

energy of the alkali metals investigated. 
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Fig. 1 Experimental arrangement for point aontaat experiments 

with aVkali metals. By indium O-ring sealing (A) between 

the glass cylinder (B) and the copper plates, the aVkali 

sample (C) is kept under a He-atmosphere, and by moving 

the bellows (D) up and down a point contact can be formed 

and adjusted. 

Various point contacts with different resistance values have 

been investigated. Typical results of the recorded second deriva-

2 2 
tives d V/dl as functions of applied voltage are shown in Figs. 2, 

3 and 4. Well pronounced structure due to phonons is observed and in 

some contrast to the experiments with evaporated films (Lisykh and 

Yanson, 1979). It should be noted that the experimentally measured 

2 2 

second derivative d V/dl is not directly proportional to the deri

vative used in formula (3). One has 

dv
2 

R
3
d l

2 

(4) 

where R is the dynamic resistance R = dV/dl. If the change in the 

dynamic resistance is small (as for К and Na where R changed maxi

mally 10* for bias voltages equal to the Debye energy), no correc

tions are needed. However, in the case of Li this change in resis

tance could be as big as 100% and corrections due to equation (4) 

have to be taken into account in order to compare the measured 
2 2 

d V/dl - spectra with theoretical predictions. This explains why 
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. 2 . . . . . . 2 / . . . . 2 d V/dr(V/A ) aT(oü)(dimensionless) 

0.16 

60 

40 

20 

F (ω) 
A 
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-

. 

: Л.: 
i 

Л 
" / A J ^ ^ \ 

0.08 

А 6 12 
Energy (meV) 

Point contact spectrosoopy of potassium. The solid curve 

(left-hand scale) in the top part is a measured point con

tact speotmm for К (¿unotion résistance at zero voltage 

2.9 Ω; measuring temperature 1.2K). The dashed aurve (right-
2 

hand scale) is the theoretically obtained function a Е(ш) 

(Carbotte and Dynes, 1968). The aurve in the bottom part re

presents the phonon density of states Ρ(ω) obtained from in

elastic neutron scattering experiments (Cowley et al., 1966). 
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d2V/dI2(V/A2) α F(uJ)(d¡mensionless) 

20 30 
Energy (meV) 

Point aontaat speatroscopy of sodium. The solid аиг е (left-

hand saaie) in the top pact is a measured point contact 

spectrum for Na (junction resistance at zero voltage 1.1 

ΐΐ; measuring temperature l.SK). The dashed curve (right-
2 

hand scale) is the theoretically obtained function α F(u) 

(Carbotte and Dynes, 1968). The curve in the bottom part 

represents the phonon density of states F(u) obtained from 

inelastic neutron scattering experiments (Gilat and 

Raubenheimer, 1968). 



d2V/dI2(103V/A2) 

1 2 

α2Ρ(ω) 

20 40 
Energy (meV) 

Fig.4 Point contact spectroscopy of lithium. The tuo solid curves 

(left-hand scale) in the top part are measured point contact 

spectra for Li (junction resistances 25.4 (upper-most curve) 

and 12.8 П; measuring temperature 1. 5K). The dashed curve (right-
2 

hand scale) is the theoretically obtained function α Ρ(ω) 

(¡layman and Carbotte, 1U71). The curve in the bottom part repre

sents the phonon density of states Ρ(ω) obtained from inelastic 

neutron scattering experiments (Smith et al., 1968). 
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the spectra for Li were not similar for all point contacts (see Fig. 

2 2 
4). This dissimilarity is removed if d I/dV is calculated from the 

2 2 
measured dV/dl and d V/dl curves as shown in Fig. 5. 

-d2I/dV2(arb units) 

'0 20 40 
Energy (meV) 

Fig. 5 Converted (d I/dv) point oontaat speetroscopy of lithium 

due to the voltage dependence of the dynamic resistance. 
2 2 

The two curves correspond to the two d Y/dJ' spectra shown 

in Fig. 4 and are calculated from measured dV/dl and 
2 2 

d V/dl curves using formula (4). 

To make a clear comparison between the singularities found in 

phonon-spectra from other methods and from point contact spectros

copy, we show in the bottom part of Figs. 2, 3 and 4 the phonon 

density of states as obtained from inelastic neutron scattering ex

periments. The agreement is remarkably good. 

According to formula (3) one would expect the signal to reduce 

to zero for applied voltages above the Debye energy. In our measured 

spectra there is still a contribution to the signal for large ap

plied voltages. We consider the spectra to be build up of a signal 

2 
proportional to α F (formula (3)) and a "background"-signal. Even 

without detailed knowledge about this background, we can still de-
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rive some qualitative information about the electron-phonon inter

action from the measured curves in Figs. 2, 3 and 5. For К and Na 

we see an enhanced coupling of the electrons with the high frequency 

longitudinal phonons compared to the low frequency transverse pho-

nons. For Li the situation is reversed, and coupling with the trans

verse phonons is stronger. The point contact spectra of the noble 

metals Cu, Ag and Au also showed a stronger coupling for the trans

verse phonons (Jansen et al., 1977), just as m the case of Li and 

contrary to Na and K. For the simple alkali metals there exist de

tailed calculations of the electron-phonon interaction based on 

pseudopotential theory. We compared our data with these calcula-
2 

tions of the function α F (Na, К: Carbotte and Dynes, 1968; Li: 

Hayman and Carbotte, 1971), given as the dashed lines in the fi

gures. For К and Na the similarity is very good; for Li our expe

riments show a weaker coupling for the longitudinal phonons than 

predicted. However, it should be kept in mind that due to the effi-

2 
ciency function η(θ) of van Gelder, α F is not quite the same as 

2
 P 

the α F obtained from the pseudopotential calculations. 

2 

The function α F is thought to be superimposed on a back

ground function. The origin of this background signal is discussed 

by van Gelder et al. (1978). They conclude from experiments on Au 

point contacts that multiple phonon scattering is not sufficient to 

explain the entire background signal. For example, in Fig. 3 we see 

in the Na spectrum additional structure at twice the phonon fre

quencies, presumably due to double phonon-emission. Even after this 

additional structure is removed, part of the background remains. In 

order to improve the analysis of the smooth background signal, van 

Gelder et al. (1978) and van Gelder (to be published) argue that due 

to the spontaneous emission of phonons during the back-scattering 

processes of the electrons,the phonon system is not in thermal 

equilibrium. Therefore, stimulated emission of phonons has to be 

taken into account. By solving the Boltzmann equation for the pho

nons, they find an expression for the non-equilibrium distribution 

of the phonons that results in a saturating background signal for 

voltages above the Debye energy, as has been observed in several 
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experiments (Yanson, 1974; Jansen et al., 1978). However, for К and 

Na we now observed a linear term as a background signal for applied 

voltages up to about twice the Debye energy. One might be tempted to 
2 

ascribe this linear term to the same origin as the observed Τ -term 

in the temperature dependence of the electrical resistivity of К 

(van Kempen et al·., 1976) involving electron-electron scattering. 

In an electron-electron scattering process, the scattering rate 1/τ 
2 

of thermally excited electrons (energy л, kT) is proportional to Τ 
2 

(1/τ = α(к Τ) ). For point contacts we can argue similarly that for 
В 

the kinetically excited electrons (energy ^ eV) the scattering rate 

2 2 

is proportional to V (1/τ = В(eV) ). This would result in a linear 

term in the applied voltage in our measured spectra. Defining the 

2 2 
coefficients A and С as ρ = AT (T -term m the resistivity) and 

2 2
 e

"
e 

(d V/dl ) = CV (linear term in point contact spectra), one finds 

for the ratio A/C, assuming that the constants α and β are equal: 

А/С = 0.90 (—) (p£)1/2 R " 3 / 2 (5) 
e о 

where R is the resistance at zero voltage. The value of С found 
о 

from our point contact experiments on К then leads to values of A 

-2 
between 5 and 100 ρΩαηΚ . These values are one to two orders of 

magnitude larger than the values found from resistivity experiments 

on К (van Kempen et al., 1976). It is obvious that a much more de

tailed analysis is needed than these simple arguments in order to 

establish unambiguously whether the observations in the two experi

ments have the same origin. 

More quantitatively, it is possible to calculate the elec-

tron-phonon mass enhancement factor λ, defined as 

» a
2
F (ω) 

λ = 2 ƒ du *- , from point contact experiments. As has been 

0
 ω 

shown by van Gelder (to be published), due to an interesting sum rule 
2 

argument, the simple Eliashberg-function α F leads to the same λ as 

2 
the point contact function α F . Using equations (1), (3) and (4) 

we have derived values of λ from our experimentally measured curves 

2 2 
dV/dl and d V/dl . In this procedure, a background signal has been 

subtracted in a straightforward way (linear interpolation), resul

ting in a considerable uncertainty, as the exact shape of the back-
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ground is not known. In addition, it should be noted that in some of 

our experiments we have observed point contact spectra with signals 

up to 5 times smaller than the usual ones. These results are proba

bly due to the presence of an oxyde layer, leading to a tunneling 

probability, with a tunneling parameter Τ < 1, as discussed by van 

Gelder et al. (1978). In the calculations of λ we have only conside

red the upper limit of the observed signal values. The values for 

λ obtained in this way are given in Table I, together with theore

tical values obtained from pseudopotential calculations. 

Table I 

Experimental (λ ) and theoretical (λ and λ ) values for the elec-

tron-phonon mass enhancement factor λ = 2 Ζ α F/ω dio. 

К 

Na 

L i 

λ Ρ 

0.1Э + 0.03 

0.10 + 0.03 

0.45 + 0.20 

λτ 

0.13 + 0.03 

0.16 + 0.04 

0.41 + 0.15 

xc 

0.11 

0.12 

0.282 

λ has been obtained from the point contact spectroscopy described 

in this paper, λ is a typical value from pseudopotential calcula

tions in the literature (Grimvall, 1976). λ is related to the 

2 
α F-functions plotted in the figures (Carbotte et al., 1969; Hayman 

and Carbotte, 1971). 

We conclude from our experiments that it is possible to mea

sure the energy dependence of the electron-phonon interaction in 

the alkali metals K, Na, Li directly using point contact spectros

copy. The agreement with pseudopotential theory is very good, es

pecially for К and Na, although the exact shape of the function 
2 

O F is slightly obscured by a background signal. 

We are very grateful to Dr. van Gelder for much help and theo

retical guidance in these investigations. Part of this work has been 
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6 Appendix: Tables of the raw data of the resistivity of aluminum. 

Values of the resistivities of nine aluminum samples as a func

tion of temperature. The absolute accuracy for the temperature is 

2 mK and for the resistivity 1%. The relative accuracies for the 

resistivities for the different samples are given in table I of 

section 4.4 of this thesis. 

Samples 1-4 were each measured over a period of several days 

to two weeks, during which times the sample sometimes rose to li

quid nitrogen temperature and in one case to room temperature. 

Although corrections were made for changes in sample parameters, 

using the resistances of the samples at a fixed temperature just 

below T.. as a reference, these corrections sometimes still left 

5 

residual differences in Δρ on the scale of parts in 10 at tempera

tures other than Τ . For precision determinations of temperature 

derivatives of sample resistivities, we therefore recommend using 

only data points taken during a single series of measurements. These 

different series are distinguished for each sample by letters to the 

left of the measured temperature. 
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Sample 1 

T(K) р ( 1 0 _ 1 2 П т ) Т(К) p (10" 1 2 ßm) 

b 1.298 

b 1.302 

b 1.322 

b 1.355 

b 1.362 

b 1.363 

b 1.402 

b 1.453 

b 1.5003 

b 1.5497 

b 1.5500 

с 1.6000 

a 1.6001 

a 1.6502 

a 1.7001 

a 1.7551 

a 1.7999 

a 1.8500 

a 1.9036 

a 1.9501 

.9330565 

.9330796 

.9332419 

.9335064 

.9335643 

.9335819 

.9339037 

.9343583 

.9347894 

.9352608 

.9352635 

.9357676 

.9357754 

.9363090 

.9368625 

.9374991 

.9380425 

.9386711 

.9393738 

.9400126 

a 

a 

a 

a 

a 

a 

a 

a 

a 

с 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

2.0000 

2.0500 

2.0500 

2.1000 

2.1447 

2.1557 

2.1666 

2.1699 

2.1709 

2.1709 

2.1709 

2.647 

2.647 

2.905 

3.149 

3.401 

3.646 

3.842 

4.042 

4.106 

.9407320 

.9414795 

.9414795 

.9422594 

.9429924 

.9431753 

.9433608 

.9434138 

.9434288 

.9434062 

.9434123 

.953038 

.952971 

.959818 

.967489 

.976600 

.986609 

.995565 

1.005563 

1.009198 
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Sample 2 

Τ (К) 

d 1.180 

d 1.191 

d 1.225 

d 1.298 

d 1.401 

d 1.4998 

d 1.6012 

d 1.7009 

d 1.8009 

d 1.9007 

d 2.0006 

d 2.1006 

d 2.1716 

b 2.362 

ρ(1θ"
12
Ωιη) 

.6714720 

.6715417 

.6717571 

.6723134 

.6731571 

.6740594 

.6750604 

.6761559 

.6773691 

.6786838 

.6801389 

.6816816 

.6828631 

.6862441 

T(K) 

b 

a 

b 

b 

b 

b 

b 

a 

b 

b 

с 

a 

с 

2. 

2. 

2. 

2. 

3. 

3. 

3. 

3, 

3. 

3. 

4, 

4, 

4. 

,582 

.631 

,728 

,989 

,1875 

.3785 

.596 

.796 

.797 

.997 

,1345 

.221 

.224 

p(10
 12
i2m) 

.6909811 

.6921534 

.6945630 

.7018568 

.7081905 

.7150111 

.7234285 

.732586 

.7330191 

.74194804 

.74837365 

.75419304 

.75380387 
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Sample 3 

T(K) 

d 1.253 

d 1.289 

с 1.292 

d1.352 

с 1.402 

d 1.451 

с 1.5013 

с 1.5410 

с 1.6008 

с 1.6503 

с 1.7005 

с 1.7502 

с 1.8001 

с 1.8502 

с 1.9001 

Ь 1.9500 

Ь 2.0000 

ρ(10
 12
Пт) 

1.305656 

1.305927 

1.305974 

1.306468 

1.306943 

1.307370 

1.307909 

1.308320 

1.308967 

1.309512 

1.310120 

1.310733 

1.311381 

1.312057 

1.312767 

1.313510 

1.314293 

Т(К) 

b 2.0498 

b 2.1005 

b 2.1708 

b 2.329 

b 2.468 

a 2.578 

a2 .725 

b 2.800 

a 2.9865 

a 3.186 

a 3.3777 

a 3.5955 

a 3.7701 

a 3.978 

a 4.1316 

a 4.220 

ρ (10"12íim) 

1.315100 

1.315964 

1.317224 

1.320021 

1.323249 

1.326050 

1.330024 

1.332328 

1.338192 

1.345396 

1.353208 

1.363165 

1.371986 

1.383562 

1.392924 

1.398541 
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Sample 4 

T(K) р ( 1 0 " 1 2 й т ) Τ (К) ρ(10 - 1 2 Ωτη) 

e 1.254 

e 1.302 

e 1.353 

e 1.402 

с 1.501 

e 1.541 

e 1.601 

с 1.700 

с 1.800 

с 1.900 

с 2 .000 

а 2 . 0 4 9 5 

а 2 .0999 

с 2 .1708 

2.924621 

2.925007 

2.925446 

2.925872 

2.926785 

2.927216 

2.927868 

2.928991 

2.930262 

2.931660 

2.933214 

2.934108 

2.934926 

2.936200 

с 2 .360 

с 2 . 5 7 8 

с 2 . 7 2 6 

с 2 . 9 8 8 

Ь 3 .183 

с 3 .380 

Ь 3 .593 

Ь 3 .785 

Ь 3 .978 
d 4 . 1 3 2 

Ь 4 . 1 3 3 

d 4 . 2 0 9 

с 4 . 2 2 1 

2.940252 

2.945254 

2.949722 

2.958420 

2.966233 

2.974923 

2.985701 

2.996700 

3.009021 

3.019693 

3.019844 

3.025395 

3.026403 

Sample 5 

Τ (К) 

1.522 

1.763 

1.986 

2 .162 

2 . 6 1 0 

2 .994 

3.389 

3.389 

3.800 

4 . 2 1 8 

ρ (10 12iîm) 

106.80150 

106.80440 

106.68077 

106.81082 

106.8212 

106.8344 

106.8527 

106.8524 

106.8791 

106.9155 

Sampli 

Τ (К) 

1.2935 

1.535 

1.774 

1.990 

2.167 

2.611 

3.011 

3.400 

3.800 

4.200 

e 6 

р(10"
1 2
Пт) 

110.6396 

110.6419 

110.6447 

110.64785 

110.6508 

110.6610 

110.6748 

110.6943 

110.7211 

110.7553 
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Sample 7 Sample 8 

T(K) p(10
 12
Пт) T(K) p(10

 12
Ωπι) 

1.224 

1.224 

1.433 

1.600 

1.773 

1.989 

2.167 

2.628 

3.019 

3.4065 

3.793 

4.101 

4.206 

6.628200 

6.62816 

6.62982 

6.631375 

6.63323 

6.63607 

6.63884 

6.64814 

6.65943 

6.67422 

6.69346 

6.70658 

6.71978 

1.371 

1.663 

1.931 

2.102 

2.613 

3.022 

3.395 

3.803 

4.193 

4.229 

6.00910 

6.01185 

6.01510 

6.01761 

6.02768 

6.03922 

6.05342 

6.07369 

6.098Û9 

6.09951 

Sample 9 

T(K) р(10"
12
Ят) 

1.241 22.44924 

1.521 22.45175 

1.762 22.45456 

1.982 22.45762 

2.166 22.46060 

2.620 22.47002 

3.016 22.48136 

3.402 22.49558 

3.699 22.50933 

3.945 22.52275 

4.211 22.53966 
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7. Summary. 

The de electrical resistivity of the simple metals potassium 

and aluminum was measured in the temperature interval from 1 to 4 K. 

Also point contact spectroscopy was performed on alkali metals. 

Chapter 1 is a general introduction to the problem of resisti

vity in simple metals. 

Chapter 2 describes the measuring techniques for precise mea

surements of temperature and resistivity. The high precision obtain

able with the described system (one part to 10 ) on small resistan

ces (down to 5 x 10 Ω) was a necessary prerequisite to be able to 

perform the measurements described in the chapters 3 and 4. 

Chapter 3 describes measurements of the resistivity of potassium 

at low temperatures. These clearly show the existence of phonon drag 

in the electrical resistivity of a metal: the temperature dependent 

resistivity comes for some samples below the Bloch limit. Beside 

2 

phonon drag also a τ term was seen that probably represents electron-

electron scattering. This term has the expected magnitude, but this 

magnitude is sample dependent, contrary to some calculations. 

Chapter 4 describes measurements of the resistivity of aluminum 
2 

at low temperatures. The measurements show a dominating Τ term at 

the lowest temperature that can be identified with electron-electron 

scattering. The term is sample independent. These are the first mea

surements that show for any simple or noble metal the independence of 

2 
a Τ term for such a range in densities of chemical and physical im-

2 
purities. This greatly helps to identify the Τ term. Electron-phonon 

interaction in the data is also discussed. 

Chapter 5 describes point contact spectroscopy on alkali metals. 

The electron-phonon interaction as a function of energy can be deter

mined from these experiments. From no other experiments on normal 

metals this can be done so directly. 

Chapter 6 gives raw data for the measurements on all aluminum 

samples. 
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8. Samenvatting 

De specifieke electrische weerstand van de eenvoudige metalen 

kalium en aluminium werd gemeten in het temperatuurgebied van 1 tot 

4 K. Ook werden weerstandsmetingen verricht aan puntkontakten van 

alkali metalen. 

Hoofdstuk 1 geeft een algemene inleiding over het probleem van 

electrische weerstand van eenvoudige metalen. 

Hoofdstuk 2 beschrijft de meettechnieken die gebruikt werden om 

temperatuur en specifieke weerstand zeer nauwkeurig te meten. De hoge 

precisie (1 op 10 ) die het beschreven meetsysteem bereikte met zeer 
-7 

kleine weerstanden (tot 5 x 1 0 Ω), was een noodzakelijke voorwaarde 

om de metingen beschreven in de hoofdstukken 3 en 4 mogelijk te maken. 

Hoofdstuk 3 beschrijft metingen van de weerstand van kalium bij 

lage temperaturen. De metingen tonen duidelijk het bestaan van phonon-

drag in de electrische weerstand van een metaal aan. De temperatuur 

afhankelijke weerstand is bij enkele preparaten namelijk lager dan 

de ondergrens voor de weerstand zonder phonon-drag, de Τ wet van 

Bloch. 

Naast phonon-drag werd ook een term in de weerstand waargenomen 

2 
evenredig aan Τ , die geïnterpreteerd kan worden als de weerstand ten 

gevolge van electron-electron verstrooing. Deze term heeft wel een 

grootte, die overeenkomt met een theoretisch afgeleide waarde, maar 

vertoont niet de voorspelde preparaat-onafhankelijkheid. 

Hoofdstuk 4 beschrijft de metingen van de weerstand van aluminium 

bij lage temperaturen. De metingen laten zien dat het temperatuur 

afhankelijke deel van de weerstand overheerst wordt door een voor 
2 

alle preparaten gelijke Τ term, die alleen door electron-electron 

wisselwerking verklaard kan worden. Dit zijn de eerste metingen die 

2 
voor een eenvoudig of edel metaal de onafhankelijkheid van een Τ 

term voor een dergelijk breed scala van fysische en chemische veront

reinigingen laten zien. Dit is van groot belang voor de identificatie 

van de term met electron-electron verstrooiing. De metingen laten 

ook toe de electron-phonon wisselwerking te bestuderen en tonen onder 

andere het bestaan van een plateau in de weerstand voor hoge dichthe

den van verontreinigingen bij Τ = 2K, de zogenaamde "dirty limit". 
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Hoofdstuk 5 beschrijft puntkontakt spectroscopie metingen aan 

alkali metalen. Bij deze metingen kan men de electron-phonon wissel

werking als funktie van de electron energie te bepalen, wat uit geen 

ander experiment aan normale metalen zo direct mogelijk is. 

In hoofdstuk 6 worden de directe meetresultaten van alle alumi

nium samples gegeven. 
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de vele studenten en promovendi in de groep voor de prettige sfeer 

en speciaal Theo voor het vele werk bij het drukklaar maken van 

dit proefschrift en Louis voor zijn onbaatzuchtige hulp, 

de technische medewerkers en Riki voor hun jarenlange hulp, 

de gasten van de werkgroep zoals Joe, die me op weg geholpen heeft 

en 

Jack, die me aan het eind bijgestaan heeft, 

de technische en administratieve diensten van de faculteit in 

Nijmegen, en speoiaal Henk, de analoog, bij het oplossen van de vele 

technische en electronische problemen, 

mijn kollega's in Suriname, die de taken onderling zo opdeelden dat 

er voor mij wat meer speelruimte ontstond, 

Dorien en Lies, die zich voor mij uitsloofden bij het typen en 

Frank, die de tekeningen maakte, 

en vooral mijn ouders, die mij de tic meegaoen die me wel van pas 

gekomen is 

en Liz, die me al diß jaren bijstond. 









STELLINGEN 

I 

De lage specifieke electrische weerstand, die bij een temperatuur van 

4.2 К gemeten kan worden aan preparaten van redelijk zuiver kalium, 

doet vermoeden dat enkele van de verontreinigingen in dit metaal een 

tendens tot clustervorming bezitten. 

II 

De resultaten, die Peringa in een l/n benadering vindt voor de kritische 

exponenten van spinsystemm met magnetische dipool-dipool wisselwerking, 

zijn onverwacht, gezien de uitkomsten van het sferisch model. 

J.R. Heringa, proefschrift Technische Hogeschool Delft, juni 1979. 

Ill 

Bykova e.a. bepalen de verhouding van de concentraties van onzuiver-

heden in germanium uit spectra verkregen uit een fotoelectnsche 

methode. De nauwkeurigheid van deze methode kan worden vergroot door 

de frequentie afhankelijkheid van de intensiteit van de gebruikte 

ver-infrarood bron in aanmerking te n^men. 

F.M. Bykova, L.A. Goucharov, Τ M. Lifshits, V.l. Sidorov and 

R.N. Hall, SDV. Phys. Semicond 9_, 1223 (1975). 

IV 

Het niet magnetisch karakter van 4d en 5d elementen in oplossing in 

metalen als Au en Cu kan niet zonder meer geconcludeerd worden uit 

de metingen van Toyoda en Kume. 

T. Toyoda ard K. Kume, Journal de Physique C6, 856 (197Θ). 

V 

4 
De kritische temperatuur voor de superiluiditeit van He zou wellicht 

gebruikt kunnen worden als extra definitiepunt in de "échelle 

provisoire de temperature 1976". 

M. Durieux, W.R G. Kemp, С.Λ. Svenson and D.N. Astov, Journal de 
Physique C6_, 1631 (197Θ). 



VI 

De toekenning van de koppelingskonstanten in het anion van 4.4-dimethoxy-

benzofenon, zoals beschreven door Lunazzi et al. is zeer waarschijnlijk 

onjuist. 

L. Lunazzi et al., J. Chen. Roc. В, 163 (1971). 

L.J. Aarons, P.C. Adam, Can J. Chem. 50, 1390 (1972). 

VII 

De berekende en uit g tensor metingen geschatte 2e orde spinbaan bij

dragen aan de nulveld tensor van de laagste triplet toestand van 

benzofenon komen in het geheel m e t met elkaar overeen. 

J.A. Mucha, D.W. Pratt, J. Chen. Phys. 66, 5339 (1977). 

С. Mijoule, J.M. Leclerq, J. Chem. Phys. 7£, 2560 (1979). 

VIII 

Het op gang brengen van een technologische ontwikkeling is m e t in 

eerste plaats een technisch, maar een sociaal probleem. 

IX 

De studie van de koppeling van de geplande electnciteitscentrale van 

het Kabaleboprojekt met het hoogspanningsnet dat Paramaribo on omstreken 

verzorgt, zou door Surinaamse instanties dienen te geschieden. 

X 

Het door de Universiteit van Suriname gekozen systeem voor het technisch 

onderwijs met een doctoraal niveau na een licentiaatsmveau sluit beter 

aan op de onderwijsstructuren in die regio dan het Nederlandse model. 

XI 

Het peil waarop wetenschappelijk onderwijs gegeven kan worden, houdt 

verband zowel met de bij de studenten aanwezige kennis van hun moeder

taal als met hun beheersing van de taal waarin dit onderwijs gegeven 

wordt. 



XII 

Om de interesse in de natuur te vergroten, is het nuttig kinderen op 

]onge leeftijd de lokaal in gebruik zijnde namen van planten en 

dieren bij te brengen. 

XIII 

De tijd die promovendi aan onderwijstaken kunnen besteden, is in het 

algemeen te kort om een redelijke ervaring op dat gebied op te doen. 

XIV 

Het is een illusie te denken dat een proefschrift het werk is van de 

promovendus alleen. 

J.H.J.M. Ribot Nijmegen, 27 september 1979 








