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General introduction 

Among the transport properties of metals, the electronic and thermal 

conductivity have been studied for more than 150 years. Several histori

cal developments have caused a sudden increase of interest in transport 

properties: first the discovery of the electron, then in the third de

cade of this century the application of the young quantum theory to 

solids, then the feasibility of measurements at low temperatures where 

the theoretical situation is remarkably simpler than at room tempera

ture, and early in the 1960's the ability to carry out extensive calcu

lations by means of fast computers. A special class of metals have dis

tinguished themselves because of the applicability of simple nearly-free 

electron theory: among these 'simple' metals, the most outstanding are 

now potassium and aluminium. Transport measurements on these metals have 

proved extremely useful for testing theories concerning the interactions 

of electrons and phonona mutually and with impurities and lattice de

fects. The most recent large revival of interest in this field started 

some 15 years ago with the advent of new highly sensitive techniques for 

measuring electrical resistivity and other electronic properties of me

tals. We are now at a point where the many new questions that were posed 

by the data appear to be largely solved. Among these are the discovery 

of phonon drag in the electron-phonon resistivity of the alkali metals, 

which means that the phonon system is not in thermal equilibrium when an 

electric current is flowing. Another point is the discovery of a terra 

caused by electron-electron scattering in virtually all simple metals. 

Furthermore, the dependence of the magnitudes of the electron-electron 

and electron-phonon scattering terms on impurity and dislocation densi

ties, the Deviations from Matthiesaen's Rule, have been studied exten

sively and become largely understood. Two more modern subjects are the 

unpredicted linear term in the high field magnetoresistance of simple 

metals, and the charge density wave theory for the alkali metals which 

is or was the only theory able to explain certain peculiar data. A re-
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view paper deals with these recent developments and provides the ideal 

background introduction for two experiments that have been carried out 

by us in the field of the low temperature transport properties of simple 

metals. The review paper forms part I of this thesis. 

Two of the 'hot' topics that are mentioned in the review paper have 

given rise to the experiments described in parts II and III of this 

thesis: 

The first problem is formed by the lattice thermal conductivity λ^ of 

potassium. In other simple metals and at low temperatures (< 10 Κ), the 

phonons are mainly scattered by electrons and the temperature dependence 

is predicted and found to be Τ . The magnitude of λ^ із three to four 

orders smaller than that of the electronic thermal conductivity in pure 

metals and zero magnetic field. Potassium exhibits a strongly contrast

ing situation: measurements by different methods have given widely di-

ferent results for λ
β
 during the past decade. Therefore, we set out to 

remeasure this quantity by the Corbino method, which has been employed 

successfully in our group for measuring the very small λ° of aluminium 

and indium. 

In the Corbino method, the electronic thermal conductivity is strong

ly diminished by means of a magnetic field. The special geometry causes 

a much stronger magnetoresistance than the conventional rectangular 

geometry, and has the additional advantage that the thermal conductivity 

is measured directly rather than the thermal resistivity. This means 

that no Righi-Leduc coefficient measurements are necessary in our 

method, in contrast to the conventional method. The results are there

fore much easier to interpret. Also, the method is less suspect than the 

only other widely used method, in which measurements are carried out in 

dilute alloys. Our results show that the lattice thermal conductivity of 

potassium is anomalously high and confirm the results of Stinson and 

Fletcher obtained by measuring two thermal resistivity tensor elements 

in high fields. The results are considerably higher than those measured 

by the alloying method, showing that phonon-impurity scattering obscures 

the situation in dilute alloys. This experiment is the subject of part 

II of this thesis, which is written in the form of a paper. 
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Another interesting point із the increase in the electron-electron 

scattering term in the low temperature electrical resistivity of simple 

metals when the dislocation density is increased. By deforming our sam

ples torsionally at or below 4.2 К and measuring the temperature depen

dence of the electrical resistivity with a precision of ppm's, we have 

been able to test a theory which gives a functional relation between the 

residual resistivity caused by dislocations and the magnitude of the 

electron-electron term in the case of potassium. Also an interesting in

fluence of dislocations on the electron-phonon interaction has been ob

served. Our method and the results are presented in part III of this 

thesis in the form of a reprinted letter and a more complete descrip

tion, that will also serve as the basis of a paper. 
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PART I 

SIMPLE TRANSPORT PROPERTIES OF SIMPLE METALS: 

CLASSICAL THEORIES AND MODERN EXPERIMENTS 

Abstract: 

The low temperature DC electrical and thermal resistance of nearly-

free-electron metals like the alkali metals and aluminium are ideal for 

testing our understanding of the basic scattering processes of electrons 

and phonons in a metallic environment. The greatly improved experimen

tal capabilities of the past decade facilitated measurements of which 

the results made clear that the traditional models were at least incom

plete. Significant progress has hence been made in understanding the 

role of electron-electron and electron-phonon scattering, both normal 

and Umklapp; their sample dependence; other Deviations from 

Matthiessen's rule; the influence of the lattice thermal conductivity on 

the transport tensor elements; the linear magnetoresistivity, and other 

fields. Yet, crucial questions like the existence of a charge density 

wave ground state in the alkali metals remain open, and new ones show 

up. 
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1. Introduction 

1 .1 General 

The field of transport properties of metals was not widely opened to 

both experimental and theoretical investigation until the advent of 

Drude's theory on electronic conduction at the beginning of the century. 

A real breakthrough, however, occurred when modern quantum theory was 

applied to periodic structures by Bloch in the ТЭЗО'з. From that time 

on, a continuous interaction between theory and experiment, culminating 

in Ζiman's 'Electrons and Phonons' (i960) gave the impression that the 

transport properties of simple metals were at least in a formal sense 

well understood. In the late I960's and the \910'a, when new techniques 

permitted experimental penetration into the regions of very low tempera

tures, high magnetic fields, high purities and in some cases, sub-ppm 

precision, extrapolations of the established theories often proved inap

propriate. This paper is intended to give an account of the recent ad

vances in experiment and theory. 

Main topics to be presented are: the appearance and magnitude of an 

electron-electron scattering term in the low temperature conductivity 

(Ch.2); Umklapp scattering contributions to both the electron-electron 

and electron-phonon scattering terms; the manifestation of phonon drag 

in the low temperature resistivity of the alkali metals; sample depen

dence of these terms and other deviations from Matthiessen's rule; the 

influence of the lattice thermal conductivity on the thermal transport 

tensor elements (Ch.3); the linear magnetoresistance (Ch.4); and the 

probability and possible effects of a charge density wave ground state 

in the alkali metals (Ch.5). 
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First, however, a brief explanation of what we consider simple metals 

and simple transport properties is required. 

1.2 Simple metals 

Our definition of 'simple metals' comprises those metals which can he 

described by a nearly-free electron model. Such a model allows basic 

properties of these metals to be calculated in a simple way because the 

influence of the lattice can be treated as a small perturbation for the 

electron gas. Therefore, implications of new theories can be tested 

most readily by their application to simple metals. The most ubiqui

tously studied examples are potassium and aluminium, and these metals 

will be most referred to in this paper. The first metal has a nearly 

spherical Fermi surface (fig. 1.1 ), which again simplifies many calcula

tions since the electron properties are expected to be in many respects 

isotropic. Aluminium is the chief example of a polyvalent metal in which 

the Fermi surface crosses the Brillouin zone boundaries (fig. 1.2). The 

noble metals gold, silver and copper also possess such multiply connect

ed Fermi surfaces, and will appear frequently in this paper in relation 

to aluminium and its look-alike indium. However, in a magnetic field the 

noble metals can no longer be considered simple because their Fermi sur

face gives rise to open orbits, contrary to aluminium. 

The Fermi surfaces of the alkali metals and aluminium have been meas

ured extensively, mainly by the De Haas-Van Alphen method (Lee 1971 for 

the alkali metals; Templeton 1981 for K; Ashcroft (1963) gives refer

ences for Al). The alkali metals always exhibit an essentially spheri

cal Fermi surface to within a few percent, with maximum deviations from 

sphericity ranging from .14$ in К (fig. 1.1) to 3.5-5.5$ in Li (Lee 

1971), where the Fermi surface comes closest to the Brillouin zone boun

daries. Usually, there is no significant discrepancy between calculated 

(Lee 1969, Dagens and Perrot 1972, Perdew and Vosko 1974) and measured 

Fermi surface properties. An exception is formed by theories that 

predict a different symmetry: Overhauser (1978) finds that potassium 

should exhibit a charge density wave ground state, which has far-
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Fig. 1.1: Oepavtuves from spheriaity in the Fermi eurfaae of potassium 

as measured by Templeton (1981). Shown are aontours of aonstant radius 

on 1/8 of the F.S.. The units represent parts in 10 relative devia

tion from the mean radius. On the continuous ourve, the deviation is 0. 

Fig. 1.2: The free-electron Fermi surface of aluminium in the second and 

third Brillouin zones (from Ashcroft and Mermin, Solid State Physics). 

In reality the Fermi surface portions which intersect the Brillouin zone 

boundaries broaden to form 'necks' in the second zone. 
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reaching consequences. In eh. 5 a short review of the situation regard

ing this theory is given. A band structure calculation by O'Keefe and 

Goddard (1969) for lithium resulted in a simple cubic structure with two 

atoms per unit cell. Such a structure causes also a multiply connected 

Fermi surface and its consequences are therefore largely similar to that 

of a charge density wave state, apart for the cubic symmetry which is 

conserved in this case. This calculation has found no firm experimental 

evidence, however. 

The Fermi surface of aluminium (fig. 1.2) consists of a hole surface 

in the second zone and a framework of interconnected 'cigars' in the 

third zone. The second zone surface consists of weakly curved parts far 

from the Brillouin zone boundaries, and strongly curved regions where 

the surface intersects these at the 'necks'. The weakly and strongly 

curved regions can possess largely different properties with regard to 

scattering lifetimes. 

1 .3 Simple transport properties 

In the following, we confine ourselves to 'simple' transport proper

ties. We look only at the steady-state properties of non-

superconducting pure metals and dilute alloys far below the Debije tem

perature, which ranges from 100 К in potassium to about 500 К in 

aluminium. This means that only a few phonon states are excited. 

In the following three chapters we are primarily concerned with elec

tron and phonon scattering mechanisms. The two kinds of DC transport of 

prime interest for studying these mechanisms are electronic conduction, 

for which electrons are completely responsible, and heat conduction, by 

both electrons and phonons. The thermopower gives additional informa

tion in the form of energy dependence of the scattering. 

The measured quantities are defined by the following relations: 

J = a î or Ê = *p J 
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q = -V 7ΐ 

which are true for zero temperature difference and zero voltage differ

ence across the sample, respectively. Generally, the quantities are 

connected by the tensor relations: 

q - T ' e ' E - K VT 

or, fixing ƒ and VT: 

Ê = 'p J +§• 7T 

Here σ is the electric conductivity tensor and p, its inverse, the 

electric resistivity; e is the thermoelectric tensor; IT is the thermal 

conductivity tensor and *R is related to it by: 

At low temperatures the second term is relatively very small. Further

more, q is the heat current density, s = ρ e is the thermopower, and 

π » Τ Îf is the Peltier coefficient. 

All the tensors are second rank and in the absence of a magnetic 

field reduce to scalars thanks to the cubic symmetry of our simple me

tals. By controlling the experimental situation in such a way that ei

ther VT, J or Ê is kept zero, one can, in principle, measure each of 

these coefficients directly. Also the thermoelectric ratio G, defined 

by 
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G = -i at E = О 

and equal to 

G -J. 
LT 

where L is the (Τ-dependent) Lorenz number, is popular because it is 

easily measured on the same samples as used for electrical resistivity 

measurements. In this paper, we shall concentrate ourselves on the 

electrical and thermal resistivity. 

1.4 Factors influencing the transport properties 

For evaluating the transport tensor coefficients of metals, the moat 

successful tool for several decades has been the Boltzmann Transport 

Equation (ETE) or kinetic equation (see, e.g. Ziman 1972 Ch. 7, Abriko-

sov 1972 Ch. 3). It is easier to obtain results from the BTE in practi

cal cases than from e.g. the mathematically more exact Kubo formalism, 

and when both methods can be compared in a specific situation, the 

results are essentially equal. Apart from this method, still other for

malisms are being developed for gaining insight in specific fields of 

transport, among which the diffusion equation method (Gurzhi and Ko-

peliovitch 1981) is quite powerful. 

The BTE describes the evolution in time of the electron (or quasi-

particle) density in phase space f(r,k), which counts the number of par

ticles in the neighbourhood of a point r in real space and having a 

momentum k. This restricts its use to the description of wave packets 

which are not localised completely in either real or momentum space, 

since they would be completely unlocalised in the other space. At any 

time, one can compute the electric current density from f(r,K) by: 

J - J0e/d
3r/d3kf(?,iï)v(î) 

and the other transport quantities in similar ways. 
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The ВТЕ із essentially a continuity equation for f(r,lc) in which 

terms are present that account for external forces on the system, and 

for scattering processes. The latter have the form -•ят-|
со
ті · In the 
f-f' 

relaxation time approximation, these are replaced by terms where f 
τ
ί
 σ 

is the phase apace distribution in the absence of external fields, and 

TJ is the characteristic scattering time for the i scattering process. 

In simplest theory, scattering terms xT from different scattering 

processes are assumed to be additive. In that case, if also all τ· are 

independent of k, the electron distribution in momentum space is uni

formly translated on the application of an electric field, and the sim

plest approximations leading to Matthiessen's rule (ch. 2) are valid. 

Thus, the transport properties are mainly determined by f (г,к) and the 

Tj. Among the facts that make the picture more involved are the follow

ing: 

τ generally depends on k, thus changing the actual distribution func

tion f. This affects, in turn, the chance for the particles to be 

scattered by another anisotropic process. This appears to be the 

main interference mechanism between scattering mechanisms, more im

portant than interference in the scattering probabilities themselves. 

We shall show in ch. 2 that many of the recent developments in the 

field of electronic transport are related to this effect. 

τ may be energy dependent: it varies not only parallel to, but also 

perpendicular to the Fermi surface. This effect is primarily impor

tant for the diffusion thermopower. 

- the local shape of the Fermi surface strongly affects v(k) and umk-

lapp probabilities, thus influencing the effect which scattering 

processes have on the electrical or thermal current; this makes the 

polyvalent metals behave differently from the alkali's. The Fermi 

surface deformation caused by a charge density wave (see ch. 5) would 

also imply drastic changes in the behaviour of alkali metals. 

11 



- Magnetic fields also move the electrons over the Fermi surface, 

changing f
0
(k). Their effect can, at least at low fields, be com

pared to the isotropisation caused by a large impurity density. 

- At high magnetic fields, the occurrence of Landau quantisation, and 

eventually of magnetic breakdown, alter the Fermi surface shape and 

hence f
0
(k) significantly. 

Since many scattering times are temperature dependent, the competi

tion between the various scattering mechanisms may lead to quite dif

ferent situations in different temperature regions. 

In ch. 2, we shall demonstrate how the electrical resistivity is a 

major tool for the investigation of these effects. The thermal resis

tivity gives extra information, primarily by the way in which the 

Lorentz number is influenced by various scatterers (ch. 3). The high 

field transport properties, of which the linear magnetoresistance is the 

most prominent problem (ch. 4) were originally thought to arise from the 

same sort of effects, but recent developments show that extrinsic ef

fects are completely dominating. Other information on scattering 

processes and Fermi surface effects is obtained by means of the lattice 

thermal conductivity (ch. 3) and methods which fall beyond the scope of 

this paper. Of these, we mention the novel technique of point contact 

spectroscopy (Jansen et al. 1980) and ultrasound techniques which give 

information on electron-phonon coupling, transverse electron focusing 

(Тзоі et al. 1979) which gives information on electron-surface scatter

ing, and the De Haas-Van Alphen and Shubnikov-De Haas effects. The 

latter effects provide insight into the Fermi surface details, and into 

scattering mechanisms which influence the Dingle temperatures. 
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2. The low temperature electrical reaiativity 

2.1 Introduction 

The moat commonly measured transport property at low temperatures is 

the electrical reaiativity. Two contrihutiona to it have been known for 

a long time: a conatant term: the residual resistivity p
0
, caused by 

electron-impurity and electron-lattice imperfection scattering, and an 

electron-phonon term which according to the simplest theories should 

behave in the low temperature limit approximately as Τ : the ideal 

resistivity (see e.g. Ziman 1960). Besides these, theorists have long 

been postulating the existence of a terra due to electron-electron 

scattering which went like Τ (Landau and Pomeranchuk 1936). Since the 

residual resistivity is much larger than the other terms at low tempera

tures, even for the purest and best annealed samples, it was very hard 

to study the temperature dependent terms until some 15 years ago. At 

that time, very high precision techniques were developed which permit us 

now to measure ρ(τ) with a precision of 0.1 ppm at temperatures which 

are known to within 0.5 mK. This has proved precise enough to discover 

the electron-electron term (section 2.3) and to study unexpected 

phenomena in the electron-phonon term. 

Aa early as 1864, Matthiessen and Vogt measured the T-dependent 

electrical resistivity at higher temperaturea as a function of impurity 

content. From these measurements, they concluded that to a close ap

proximation the resistivity of an impure metal consists of a temperature 

dependent terra independent of impurity content, and a constant term 

which represents the effect of the impurities: 

13 



pd^.T) - P Q Í ^ ) + ρ(Τ) 

In this formula, lattice defects have a similar effect to impurities. 

It turns out that this statement does not hold in most systems. Much 

theoretical and experimental attention is still concentrated on studying 

deviations from Matthiessen's rule (DMR). A quite comprehensive review 

of the situation in this field was given by Bass (1972). He mentioned 

the following effects as plausible origins of DMR at low temperatures: 

- changes in the phonon spectrum because of alloying 

- quasi-local modes in the phonon spectrum at heavy impurities 

- inelastic electron-impurity scattering 

- anisotropic scattering: 

- because of scattering from two bands 

- anisotropic electron-phonon scattering: 

- because of an anisotropic Fermi surface 

- because of an anisotropic phonon spectrum 

- because of Umklapp scattering 

- anisotropic electron-impurity scattering 

- because of an anisotropic Ferrai surface 

- because of an anisotropic impurity potential 

- phonon drag 

- loss of translational symmetry by the presence of impurities 

- many-body effects 

- electron-electron scattering on an anisotropic Fermi surface 

Many of these mechanisms will be encountered in describing recent is

sues. 

In order to give a feeling of where the modem problems are, we show 

Figs. 2.1 and 2.2 which demonstrate several aspects of the present si

tuation. In fig. 2.1, the resistivity of potassium at very low tempera

tures as measured by Van Kempen et al. (19Θ1) is plotted in such a way 

that an exponential behaviour above 2 К is evident. We ascribe this de-

viation from the Bloch TV term to phonon drag. Below 2 K, another term 
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Fig. 2.1: ç>(T)/T of several ватрівв of Van Kempen et al. (1976, 1981) 

plotted logarithmically ae a function of 1/T to show the exponential 

temperature dependence of the reeietivity above 2.5 X. Closed tvian-

glee: sample 1 (RRR = 3100); open airóles: sample 2b (RRR = 6300); open 

triangles: sample 2e (RRR = 8100); +: sample 3a (RRR = 390). The closed 

circles represent the resistivity of sample 2b after subtraction of a 

T^-term whose rmgnitude is determined at the lowest temperatures. An 

exponential behaviour of Pe.p(T) àown to 1.3 К is consistent with the 

data. 
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dominates ρ(Τ)·. we identify it with the electron-electron scattering 

term. The graph demonstrates that the exponential terra is nearly sample 

independent, but the magnitude of the electron-electron term varies con

siderably, in these annealed samples monotonically with the residual 

resistivity. 
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Fia. 2.2: - dP ав a funotian of Τ? for aluminium ватріев (Van Kempen et 
— Τ dT 

al. 1981). The value at Τ = 0 represente the magnitude of the eleotron-

eleatvon term. The eleatvon-phonon term ie eeen to behave like T0 only 

over a limited température range for impure eamplee (full triangles: 

eamplee 5 (RRR = 255) and 6 (RRR = 245;;, and over no finite region at 

all for pure ones (e.g. full airalee: sample 2 lùith RRR = 40600). 

Pig. 2.2 shows quite the contrary: it contains measurements on 

aluminium samples of different purities from Ribot et al. (1981). The 

way of plotting is different from the potassium figure in order to 

demonstrate that in this case, the temperature behaviour follows closely 

a Τ + T
n
- behaviour, where η = 5 for the least pure samples and appears 

to be smaller for the purest samples. The magnitude of the electron-
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electron term (intersection of curves through the data with the vertical 

axis) is almost sample independent, but the magnitude and the shape of 

the electron-phonon term in the purest samples deviate considerably from 

what we would expect to find from the simplest models. 

The following chapters will give a more detailed account of the ex

perimental and theoretical developments from which more insight in these 

puzzling differences has been obtained. 

2.1.1 High precision resistivity measurements 

As an intermezzo, we describe briefly the technical improvements in 

the field of electrical resistivity measurements. At low temperatures 

the sample resistances are usually in the order of a few μΰ, so that at 

maximum currents of 1 A a sensitivity of nanovolts is required to obtain 

a precision of 0.1%. Nanovoltmeters are commercially available now, mak

ing very precise measurements of e.g. magnetoresistance feasible with a 

classical four-terminal method. A similar precision is attained by 

several probeless techniques: induced torque, helicons (both described 

by Delaney (1974)), and eddy current methods (Daybell 1967). 

For the exploration of the temperature dependent resistivity terms 

below 4 K, a much higher precision of 1 ppm or better is necessary. 

Fig. 2.3 shows a typical modern system which is in use in Nijmegen (Van 

Kempen et al. 1979)· This system measures the ratio of the sample 

resistance and the resistance of a reference resistor. These two com

ponents are connected in a superconducting circuit together with a gal

vanometer, eventually a SQUID, which measures the current in the cir

cuit. The reference resistor has a small, well known temperature depen

dence. In comparable systems, its influence can be entirely eliminated 

by modulating the sample temperature (Edmunds et al. 1980), and the tem

perature derivative of ρ(Τ) is obtained. Currents of the order of 1 A 

are delivered to the resistors by very stable externally regulated 

current sources. The ratio of these currents is adjusted (in our case 

semi-automatically) until the galvanometer measures zero voltage differ

ence. Then the current ratio can be read by means of a current compara-
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Fig· 2.3: Sshewatiae of the résistance meaeurement eyetem of the 

Nijmegen group. A current comparator (top) with a precisión of 0.1 ppm 

delivers two currents Jj and Ig to the sample R^ and the reference 

resistor Ro· The ratio of these resistances is determined from the ratio 

of the currents when the superconducting galvanometer measures a zero 

voltage difference across the resistances. A feedback, loop coupled to 

the galvanometer permits semi-automatic operation. This is used for 

finding the 4th to 7th digit of the ratio. 

tor with a 0.1 ppm precision. The sensitivity of a superconducting gal

vanometer is about 10" ' A, but then it is slow. A SQUID is faster and 

1Θ 



rauch more sensitive, but requires more precautions to prevent overload

ing. Its noise level is so low that usually the Johnson noise of the 

sample and reference resistor limit the obtainable sensitivity. 

For a precise determination of the temperature dependence, also the 

temperature itself must be known to high precision. One serious problem 

is the definition of the temperature scale: below 2 K, the differences 

between various temperature scales that are commonly used and the ther

modynamic scale are of the order of 5 mK, which is generally too much 

for determinig exactly the temperature dependence of a term. The situa

tion improves gradually by the definition of new scales, based on stan

dards like superconductors with accurately known transition points (see 

Durieux et al. 1979 for the Τ -scale, which comes close to this goal.) 

Usually, germanium resistors or other devices are calibrated against 

such standards and used as secondary standards in the experiment. 

2.2 Electron-phonon scattering 

2.2.1 Normal and Umklapp scattering 

The classical Bloch theory for ρ (see Ziman 1960 ch. 9.5) is based 

e-p 

on the following assumptions: 

- Only normal scattering processes are allowed (see fig. 2.2.1) so 

k-k -q
p h
. 

- The Termi surface is spherical and τ is independent of к 
e—ρ 

- The Debije approximation for the phonon dispersion relation is adopt

ed; only scattering by longitudinal phonons is considered. 

- |v(k)' is constant on the Fermi surface 

- The phonons stay in thermal equilibrium. 

By a variational treatment, one arrives at: 

р
е
.

п
(т) = (т/ )

5 Э / г z 5 d z 

e
-P 0 (e

z
-l)(l-e-

z
) 

19 



which gives a Τ behaviour at Τ<<θ (where the integral becomes a con

stant), and the well-known linearity in Τ at high temperature. Неге , 

or Op, ia the Dehije temperature which ranges from 100 К in potassium to 

450 К in aluminium. 

ц 

However, even early measurements did not show a Τ -term. A depen

dence slower than Tp was to be expected when the sample was not far 

enough in the low temperature limit, and was usually seen in the po

lyvalent metals. But in the ISSO's, it was observed that ρ(τ) of sodium 

decreased faster than Τ at the low-T end. Measurements on potassium by 

Ekin and Maxfield (1971) and Gugan (1971) revealed a decay approximately 

exponential in Τ down to about 2.5 K. The magnitude of ρ(τ) depended 

slightly on the impurity content of their samples. In the polyvalent 

metals, where ρ(τ) was found to follow approximately a power law, much 

more dramatic DHR from impurities were seen, leading to extensive quan

titative investigations (for reviews see, apart from Ваза 1972: Cimberle 

et al. 1974, Bobel et al. 1976) 

The first obvious correction to be made to the simplified Bloch model 

in order to remove the discrepancies was the inclusion of Umklapp 

processes, in which the phonon momentum q is replaced by q + G, where G 

is a reciprocal lattice vector: 

І?' q + 

As one sees in fig. 2.4a, this needs a phonon with minimum momentum 

"••min 

Since 

governed by a Boltzmann factor 

e 

Е
Ч

і п
) / *

в
т
 s e
- Θ/Τ

 w i t h в е
( ,

ш
.

п
) /

к в 

such a factor also appears in p..-. multiplied by a scattering probabil-

e ρ 

ity with a temperature dependence which is much more difficult to calcu

late for Umklapp then for Normal processes. It is usually some low power 

law, and the exponential decay at low Τ is the dominant feature. 
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Fig. 2.4: Momentum vectora involved in normal (broken lines) and Umklapp 

(continuous linee) electron-phonon scattering processes. Left: on an 

alkali metal Fermi surface. The minimum phonon momentum needed is 

represented by q0. Right: on a polyvalent metal Fermi surface. There is 

clearly no minimum phonon momentum required in this case. 

One more important difference between N and U scattering is that at 

low T, Normal scattering produces only small differences in velocity ν 

except where the Fermi surface is strongly curved (e.g. at Brillouin 

zone boundaries) whereas Umklapp processes cause ν to change radically, 

thus decreasing the conductivity much more effectively. 

Since no minimum wave vector is needed in the polyvalent metals Umk

lapp scattering persists, and was expected to be relatively effective to 

the lowest temperatures: Lawrence and Wilkins (1972) found a Τ -term at 

very low T, and a lower power law at somewhat higher temperatures. 

The effects of Umklapp scattering on p„ _(τ) in simple metals were 

e-p 

already included into calculations by Bailyn (i960). He also built some 

realistic features of the phonons into his model, allowing for some an-

isotropy. Since then, improvements became possible by various new tech

niques : 

- The relative importance of Umklapp scattering was studied by many au

thors, who showed that it is always predominant, also in the alkali's at 
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not too low temperatures. Thus, e.g. Black (1972) and Trofimenkoff and 

Ekin (1971) gave an order of 60% аз the Uroklapp part of p. where Pin-
e-p 

chuk (1975) gets to about 90% at 6K for potassium. 

- Detailed information about the phonon dispersion relations became 

available from experiment, mainly by inelastic neutron scattering (Cow

ley et al. 1966, Meyer et al. 1976). On the basis of these, e.g. Dynes 

and Carbotte (1968) could calculate the ideal resistivity at higher tem

peratures; calculations of the difference between resistivity at con

stant volume and at constant pressure became possible (Hayman and Car

botte 1969, Kaveh and Wiser 1972), as well as calculations of the volume 

dependence of р(т) (ïamashita 1982). On the other hand, the theorist's 

ability to calculate these phonon spectra from first principles steadily 

increased to the point where the experimental data are very well repro

duced, at least at zero pressure (e.g. Taylor and Clyde 1976, Meyer et 

al. 1976; see fig. 2.5). 
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Fig. 2.5: Phonon dispersion relatione of potassium: aaloulations by Tay

lor and Clyde (1976) (aontinuous оиг ев); О measured by Meyer et al. 

(1976). 
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An important technique is the use of pseudopotentials which describe 

the interaction between an ion and its surroundings in a piece of metal. 

These can be of a local type like the Heine-Abarenkov potential or im

provements on it (Srivastava and Singh 1976), which give satisfactory 

results in many cases, but the best accuracy is attained for most metals 

when using a non-local pseudopotential (see e.g. Dagens et al. 1975). 

For an overview of how ρ is calculated from first principles see Tay-

e-p 

lor (1982). At temperatures Τ > öj,/20 these calculations are in satis

factory agreement with experiment now (see for Na and К Shukla and Tay

lor 1976, and Taylor et al. 1976; for Rb and Cs Taylor and McDonald 

1980). 

- The importance of anisotropy in т(к), and hence in the electron dis

tribution function f(k), gained attention because much of the observed 

DMR could be explained on this basis. Kagan and Zhernov (1971) pointed 

out that Umklapp scattering gives rise to a significant anisotropy in 

all metals. Isotropic scattering by impurities tends to isotropise 

fik), thus bringing electrons into regions where the chance to be scat

tered by phonons is larger again: this makes ρ „(τ) increase nonlinear-

e-p 

ly with the impurity content. A more quantitative study was undertaken 

by Ekin and Bringer (1973), especially for potassium. Their conclusion 

was that DMR resulting from isotropisation by impurity scattering would 

amount to some 12^ of р(т) at 4K (assuming that т(к) is completely iso

tropic because of the impurities; this means that the total effect of 

anisotropy is 12$.) For the polyvalent metals much bigger effects were 

expected because Umklapp scattering is always effective in decreasing 

т(к) close to the Bragg planes. 

Calculations for potassium and aluminium by the diffusion model using 

these ideas (Lawrence 1975) gave similar results. Bobel et al. (1976) 

argued however, that DMR in metals should be considered at the same 

Т/ д. In this way, DMR from impurities in potassium are of the same 

order of magnitude as that for polyvalent metals at low temperatures 

(<5К). This view was in variance with theoretical insights of the mo

ment, unless DMR from phonon drag quenching (see below) were taken into 

account. 
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- It was shown by Leavens (1977) that it is necessary to account for 

the energy dependence of τ in the case of potassium in the lowest tem

perature range; e.g. at б К, this lowered P
e
_

D
 by 20%, in agreement with 

experiment. This improvement was combined with amsotropy in τ by 

Jumper and Lawrence (1977) who were able to explain much of the observed 

DMR in potassium in this way. 

2.2.2 Phonon drag in the alkali metals 

At low enough temperatures the umklapp resistivity, decreasing ex

ponentially, should become less than the normal scattering resistivity 

so that the Bloch Τ dependence would be expected to be seen. The 

lowest temperature measurements of P
8
__(T) by Gugan (1971) showed only 

an exponential term, suggesting that the Umklapp to Normal scattering 

ratio at the lowest Τ was much larger than was explained by the present 

theories. A mechanism that could be responsible for this, phonon drag, 

had already been mentioned by Bailyn (1958), but it was assumed to be 

absent in the electrical resistivity by theorists at that time. 

The phonon drag mechanism involves the inability of the phonon system 

to lose the momentum they acquire from the electrons. Phonon-phonon 

Normal scattering was shown to be ineffective in this sense because of 

the Peierls condition by Roy (1974) and Kaveh (1976); Kaveh and Wiser 

(1979) argued that also phonon-dislocation scattering cannot restore the 

phonon system completely to thermal equilibrium. Thus, in the presence 

of an electronic current, the phonon system will be shifted in momentum 

space with a mean momentum equal to the mean electron momentum, making 

Normal processes ineffective in decreasing the current. In fig. 2.1 we 

show the measured p
e
__ of potassium samples (Van Kempen et al. 1981) 

plotted serai-loganthraically as a function of Τ . This graph demon

strates that indeed only an exponential term is present until below 

about 2 К the electron-electron term starts to dominate it. 

A detailed calculation involves solving the coupled Boltzmann equa

tions for the electron and phonon system. Kaveh and Wiser (1972b) con

cluded that the remaining Umklapp term of p„ _ has the form: 

e-p 
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A precise prediction for the Τ exponent is a less simple matter; e.g. in 

the low temperature limit, Kaveh and Wiser (1973) predict a Τ -factor, 

Orlov (1975) a factor T, and Froböae (1977), taking the role of high 

frequency phonons into account, predicts: 

ρ (τ) «
 (
T)3/2

( 1 +
 зТ^- /Т 

θ
 Ρ Θ θ 

Experimental data can be fitted to all these formulas about equally 

well. This is not very remarkable since in the temperature region of 

interest (3-6 K) functions of the form 

Т
п

е
- /Т 

all look about the same when together with η, Θ is changed according to 

•j^ =-3K (Kaveh and Wiser 1979). The presence of phonon drag in the ex

perimental data of Gugan (1971 ) and Ekin and Maxfield (1971 ) was postu

lated by Kaveh and Wiser (1974a) who found that with n=0, θ =23 К. From 

high precision experimental data Van Kempen et al. (1976) concluded that 

n=1 is the optimum value together with Θ= 19·9 К. This is confirmed by 

various other experimental groups; now that one is sufficiently sure 

about what electron-electron term to subtract (see next section), the 

exponential behaviour can be seen (fig. 2.1) to be valid down to about 

1.3 K. This conflicts with the claim of Kaveh et al. (1979) that Θ can

not be assumed to be constant below 2K. 

After phonon drag was proposed, it was incorporated into many calcu

lations (e.g. Hayman and Carbotte (1973), Roy (1974), Kaveh and Wiser 

(1974b) and Leavens and Laubitz (1974, 1975)). A discrepancy was visi

ble between results for ρ (phonon drag)/p (no phonon drag) caloulat-

e-p e-p 

ed by the Ziman one-iteration approximation to the Boltzmann equation 

(e.g. Hayman and Carbotte), and those calculated via the variational 

method with a simple trial function (e.g. Ekin and Bringer), the latter 

arriving at a much lower value at higher temperatures than expected from 

the 'exact' formalism from Bailyn (1958) as used by Kaveh and Wiser. 
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Leavens and Laubitz tried to get out of this problem by iterating the 

Boltzmann equation until convergence, and concluded that the variational 

result prevailed over the one-iteration method because the latter would 

introduce an unphysically large electron distribution anisotropy. Cal

culations by Taylor et al., comparing the situations with and without 

phonon drag, lead even to the conclusion that phonon drag was probably 

absent because the corresponding resistivity was much lower than data 

from experiment. Kaveh and Wiser (1977) questioned the validity of the 

form factor he used, however. Nevertheless Taylor (1978) defended his 

calculations by demonstrating the importance of phonon-dislocation 

scattering as a means of equilibrating the phonon system. 

2.2.3 Sample dependence of P
Q
_

n
 in the alkali metals 

In most high precision data of annealed samples, the electron-phonon 

term has been found to vary only little in magnitude, and not at all in 

temperature dependence. However, a very puzzling set of data has been 

obtained from sample 3a of Van Kempen et al. (1981 ) which has a very 

high residual resistance, 186 putt: this is about ten times the 'usual' 

value. This relatively fast cooled sample shows also a very high ρ . 

e-p 

If one assumes the electron-electron term to be sample independent 

(which will prove to be very questionable, see the next section) the ra

tio of р
е
__(з. За) to ρ (well annealed samples) appears to explode 

below 3 K. In order to explain this feature, Dañino et al. (1981) again 

invoked phonon-dislocation scattering, assuming a dislocation density of 
10 -2 nd=1.5

x10 cm for this sample: this was believed enough to bring the 

sample far out of the phonon drag limit. This mechanism would cause the 

normal scattering T^-term to partially reappear, so that it would 

predominate over the exponentially decaying umklapp term below about 3 

K. Gugan (1982) has demonstrated the improbability of such an nd. 

Furthermore, even in the most highly dislocated sample K7-13 of Van 

Vucht et al. (1982), in which the dislocation density is relatively well 
10 -2 

known and cannot exceed 10 cm , the electron-phonon term is enhanced 

by a factor of two, but still behaves exponentially over the whole range 

down to 1.5 K. To obtain this result it is required that the electron-
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electron terra is allowed to vary substantially in magnitude, but not in 

shape; the same applies to Van Kempen's sample За. However, Haerle et 

al. (i 983) measured ρ(τ) of deformed potassium samples below 1.5 K, and 

find that their data can be fitted better if they include a normal 

scattering Τ term. 

Taylor et al. (1978), believing that phonon drag is not necessarily 

present in the data, showed that phonon-dislocation scattering could 

also be responsible for the sample dependence of p» _ in the data of Van 

e-p 

Kempen et al. (1976), samples 2a, 2b and 2c. The validity of their cal

culation is however questioned by Kaveh and Wiser (1979)· 

Another model for the quenching of phonon drag involves anisotropic 

electron-dislocation scattering. Engquiat (1982) has proposed a theory 

in which some low frequency phonons cannot return their momentum back to 

the electrons, so that phonon drag is partially suppressed. This per

mits the reappearance of the T' resistance in samples with high disloca

tion densities. He finds at least qualitative support for his results 

in the high precision data of Rowlands et al.(1978). 

A similar theory, also involving an electron distribution made more 

anisotropic by dislocations, has been proposed by Dañino et al. 

(1982,1983). It needs much smaller dislocation densities than the 

phonon-dislocation scattering theory to enhance of ρ by factors up to 

e-p 

1.5. Here, data taken on strained and annealed samples by Gugan (1971) 

are used to demonstrate the ratio of ρ(τ)(strained) to (τ)(annealed). 

When including a reasonable electron-electron term, the theory gives 

agreement with one of Gugan's samples. In contrast to what was found 

from samples 3a (Van Kempen) and K7-13 (Van Vucht), the strained-to-

annealed ratio of ρ is not predicted to be approximately temperature 

e-p 

independent at low temperatures, however. On the other hand, the pred

ictions agree qualitatively with the findings of Haerle et al. (1983) 

for deformed potassium samples. This discrepancy has not been solved ex

perimentally. 

A combination of both mechanisms proposed by Dañino et al. (1983) із 

shown in f ig. 2.6. This figure gives the curves for ρ|_^/ρ^" as a func

tion of dislocation density at 3 K. We have added the values of 
p

3
 /p»

11
" of some annealed and deformed samples of Van Vucht et al. 

e-p -р
 r 
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Fig. 2.5; 27ге mtio о/ the eleetron-phonon reeitstivitiee of etvained and 

annealed potaeeim eamplee at 3 К ав a funatian of the dislocation den

sity caloulated by Dañino et al. (ШІЪ) for phonon drag quenching by 

ph-diel eaattering, and by Dañino et al. (1982) for phonon drag quench

ing by electron-dielocation scattering. The continuous curve shows the 

combined effect of both mechanisms. The symbols represent the values of 

Pe-£/Pe-p ^ samples of Van Vucht et al. (1982). The dislocation densi

ties were infered from the change in pe_e after deformation (see sec. 
2'3)· Pg™ "a« defined somewhat arbitrarily by requiring the annealed 

samples to ly ση the predicted curve. 

(1982). In view of the crude assumptions that had to be made on the 

dislocation density of our samples, the agreement between the data and 

the combined theories is good. 
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2.2.4 The electron-phonon term in the polyvalent metals 

a) Impurity dependence 

The situation in the polyvalent metals is a little simplified because 

phonon drag is very unlikely to be found in them, as proved by Brody et 

al. (i 981). Гаг below the Debije temperature, one expects therefore a 
С A 

T!J
 term from Normal processes and Τ or slower temperature dependence 

from Umklapp scattering. The latter would become relatively unimpor

tant, however, at low Τ (Lawrence and Wilkins 1972). A pure T
5
-

behaviour was only seen in In (Wyder 1965); for aluminium and the noble 

metals powers between 3 and 4 were usually reported. In general the en

tire low temperature region could not be described by a single power law 

(see e.g. Fickett (1971) for a review of aluminium data; Rumbo (1976) 

for Cu and Ag; Barber and Caplin (1975) for Ag; Caplin and Rizzuto 

(1970) and Senoussi and Campbell (1973) both finding T^ for Al; BabiS et 

al. (1976) found that aluminium alloys showed the sum of a T^ and a Τ -

term, with the former varying with impurity concentration). Further

more, the temperature dependence was nearly always strongly dependent on 

impurity content of the samples, indicating large Ш Н . Using the popu

lar two-band model, which considers the Fermi surface as being divided 

in two regions with different relaxation times for the various scatter

ing processes (see e.g. Cimberle et al. 1974), Dosdale and Morgan (1974) 

calculated a T^ -shape of p. _ for dilute aluminium alloys, in agree-

e-p 
ment with Caplin's measurements. 

Recently Khoshnevisan et al (i 979a,b) observed р(т) to go like Τ in 
о 

the noble metals, but in their purest copper sample an important Τ -term 

became visible. Going to lower temperatures, Schroeder et al. (i 981) 

saw pure Τ -terms in Cu and Al; Barnard et al. (1981) see a Τ -term em

erge in their data from silver samples after cold work. These results 

are explained by Bergmann et al. (i980a) and Borchi and De Gennaro 

(1980) who show that most of the observed T* dependence in the noble πίθ
ο 

tais may be the sum of of the electron-phonon term and a Τ -term from 

electron-electron scattering. Thus, much of the observed differences in 
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magnitude and T-dependence between samples with different amounts of 

static scatterers can be explained by different changes in the magnitude 

alone of the e-e and e-p terms, respectively. 

Returning to the Ш Н of the electron-phonon term itself, there is one 

more problem to be mentioned, which has not yet been solved completely: 

the two-band model and other succesful models in which the anisotropy of 

scattering times for different scattering processes is allowed to vary 

(e.g. Bergmann et al. 1974) always predict the IMR to 'saturate' in the 

limit of dominant impurity scattering, i.e. where t(lc) is isotropic. 

The impurity content at which the impure limit sets in is temperature 

dependent, and is expected to be in the dilute alloy range at tempera

tures below about Θρ/20. Nevertheless, saturation is never observed 

(Cimberle et al. 1974, and many others; even the very accurate measure

ments of Ribot et.al. (1981) show no evident saturation at 4.2K, though 

the shape of р(т) depends already a lot there on ρ , which spans several 

decades.) 

A new treatment of the Ш Н in polyvalent metals by Kaveh and Wiser 

(1980b, completely evaluated for aluminium in 1980c) provides a way out 

for the last problem in the form of an extra interference term between 

electron-phonon and electron-impurity scattering, producing extra 

enhancement of р(Т) in the impurity content region where the saturation 

should be seen. A crucial role for explaining Ш Н is assigned in these 

papers to the regions where the Fermi surface intersects the Brillouin 

zone boundaries. Here, the electron velocity v(k) is very small, which 

increases the electron-phonon scattering probability, and a small change 

in momentum can change the velocity direction drastically. Electrons 

scattered into these 'hot spots' are therefore practically eliminated as 

contributors to the current. Since impurities, with their isotropic 

scattering time, scatter relatively more electrons into these regions 

than out of them, they produce positive Ш Н . By including an energy and 

к dependent relaxation time, several plane waves, electron-electron 

scattering and this concept Bergmann et al. (1982a) have been able to 

explain most features of the observed р(т) and Ш Н in the noble metals. 
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Fig. 2.7: p(T) at 4.2K ав a function of p. fov aluminium samplee meas-

ured by various authors (eee Ribot et al. 1981 for detaile and référ

encée) . The broken line indicates the 'critical' resistivity predicted 

by a 2-band model. At higher p¿, saturation should be visible. The con

tinuous curve shows that part of the samplee of Ribot et al. (full air-

ales) are consistent with this prediction. 

b) Dislocation dependence 

A new puzzling phenomenon emerged when several groupa not only varied 

the impurity content of their polyvalent metal samples, but also the 

dislocation density by deforming them. They often observed an astonish

ing decrease in р(Т) upon deformation: negative DMR (Rowlands and Woods 

1978, Barnard et al. 1981, Steenwyk et al. 1981, and in an annealing ex

periment Sinvani et al. 1981). It is evident that one has to view 

dislocations in a different way from impurities and other isotropic 

scatterers in order to account for this phenomenon. 
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The basic idea to solve the problem was already proposed by Dugdale 

and Baainski (1967): the relaxation time of electron-dislocation 

scattering is anisotropic in a way which resembles τ„ _(k). This idea 

is employed by Sinvani et al. (1981) and Bergmann et al. (l980b, 1982b) 

to explain the recent negative DMR. The argument uses the variational 

principle that requires '
c

e
_
(
jisi(

lc
)

 t o
 ^

e
 such that Pe_¿i3i is minimal. 

This produces a substantial decrease of г

е
_н<з1 i

n
 the 'hot spots', mak

ing electron-dislocation scattering resemble electron-phonon scattering 

as opposed to electron-impurity scattering. When comparing samples of 

different polyvalent metals under similar conditions at the same tem

perature, differences in sign and magnitude of the DMR are found. These 

can be explained by a difference in effective temperature Т/Эд. In 

principle, also this newest issue has been solved by the theory of Ber-

gamann et al.; e.g. Steenwyk et al. (1981 ) have been able to explain 

previous data taken by Khoshnevisan et al. (1979a,b) and new data on im

pure and strained noble metal samples in the light of this theory. 

2.3 Electron-electron scattering 

2.3.1 Normal and Umklapp e-e scattering 

The belief that there should be an electron-electron resistivity term 

present in metals is much older than the actual observation of such a 

term in many metals. This resistivity contribution was from the begin

ning predicted to vary with Τ (Landau and Pomeranchuk 1936). In order 

to understand such a temperature dependence, and the more recent 

developments on the magnitude of P
e
_

e
, it is necessary to take a closer 

look at the Boltzmann equation mechanism for p»,»: 

One starts off from the equilibrium state density in k-space: 

f0(Ê) » -
(

Е
(Ю-ц)/к

н
Т 

1 + e
 в 
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Deviations from this equilibrium distribution, caused by an external 

electrical or thermal field, are considered to first order and charac

terised by a deviation function Φ: 

f(i?) = fo(¡o - «І)Щ& 

3ε(1ΐ) 

The linearised BTE then reads: 

Οε(Κ) 

where Ρ is an operator representing scattering events; it can be approx

imated by 

Ρ '-L·- (2.3.2) 

τ(ί) 

The resistivity follows from the variational principle as 

ρ(τ) = const. х<Ф,РФ> 

and is therefore easily seen to be inversely proportional to τ, which 

may represent the influence of several scattering processes. Ziman 

(i960) gives the complete expression for <Φ,ΡΦ>. It looks like the fol

lowing: 

1 ГЛІІ Mît <Φ,ΡΦ> « l/dit, /díc2/d£5/dic4x 

«(«(«,) + «(£,) - Φ(ί?5) - Φ(ί 4 )) 2 ρ5 ; 4 (2.3.3) 

Неге Ρ^'2. the transition probability from states ,ίρ to states $-і,$л 

of the two electrons being scattered by each other is composed of the 

Fourier transform of the screened Coulomb potential: 

ν(ΐ,ί·) 
(E-*')

2

 +
q

2 
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where 1/q із the screening length, and factors concerning momentum con 

aervation: 

δ ^ 4- І2 - % - ί
4
) 

for normal s c a t t e r i n g , or 

δ ί ί , + Іс2 - Іс3 - íc4 + Í ) 

for Umklapp scattering; G is a reciprocal lattice vector. These factors 

are temperature independent. Note that the difference between e-e Umk

lapp scattering, mostly a geometrical effect, and e-p Umklapp scattering 

is that the latter 'needs' the availability of phonons with a minimal 

momentum, thus bringing in an extra temperature dependent factor. 

Furthermore, there are a factor for energy conservation, and the oc

cupation numbers of original and final states, representing the Pauli 

principle which requires that the final states in the process must be 

unoccupied. The actual scattering rate is therefore governed by the 

number of final states that are available. At temperatures T<<eri/kB, 

the Permi-Dirac distribution function provides such states in a shell of 

thickness proportional to k-gT around the Fermi surface. This fact con

tributes a factor Τ to the scattering rate "C.g, and hence to the resis

tivity, for both electrons participating in the process. Until now, 

developments have mostly concerned the factor multiplying this Τ -term 

(at least at low temperatures), not the temperature dependence itself. 

Important realistic calculations of the e-e resistivity were carried 

out by Lawrence and Wilkins (1973) for the alkali and simple polyvalent 

metals. Main point of interest was the relative importance of Umklapp 

scattering relative to normal scattering, expressed in their ratio Δ. 

This factor is of crucial interest, since normal isotropic scattering 

conserves the electron momentum and therefore makes no contribution to 

the resistivity. This can be seen by combining eqns. (2.3.1) and 

(2.3.2): 
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Table 2.1 

Calculated and measured values of Δ and A for simple metals: A is 

-16 -2 
given in 10 QnK~ . The measured values of A are the highest and 

lowest values mentioned in the literature. 

m e t a l 

Li 

Na 

К 

Rb 

Al 

I n 

Cu 

Ag 

Au 

Δ (LAW) 

.015a 

• Оба 

0 . 4 a 

0 . 4 a 

. 8 1 

. 7 1 

. 8 1 

Δ (MD) 

2 . 4 . 1 0 " 5 Ъ 

1 . 1 0 " 5 b 

7 . 1 0 " б Ь 

1 . 3 . 1 0 " 5 b 

( O . 3 - 0 . 4 n ) 

A (L4W) 

1 . 5 a 

17a 

1 .2a 

2 . 4 a 

7 . 6 1 

141 

141 

A (A4S) 

10c 

24 c 

43 c 

A (MD) 

C o u l . 

0 .6 

0.1 

0 . 4 

1.6 

1 .8 

20 

20 

25 

ph.med, 

21b 

14b 

17b 

35b 

41 g 

19g 

17g 

30g 

A ( o b s e r v e d ) 

300 d 

1 8 - 1 9 . 5 e 

6 e - 8 1 f 

? 

27 h - 6 0 i 

550p 

1.4-5.9m 

3 k - 4 . 7 j 

4ІС-6.ІО 

Data taken from: 

a) Lawrence and Wilkins 1973 

b) MacDonald et al. 1981 

c) Awasthi and Sathish 1981 

d) Sinvani et al. 1981a; 

Yu et al. 1983, at T>1K 

e) Levy et al. 1979 

f) Van Vucht et al. 1982 

g) MacDonald 1980 

h) Ribot et al. 1981 

i) Van Vucht, unpublished 

j) Khoshnevisan et al. 1979a 

k) Bergmann et al. 1980 

1) Lawrence 1976 

m) Steenwyk et al. 1981 

n) Black 1978 

o) Borchi and De Gennaro 1980 

ρ) Garland and Bowers 1969 
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Φ « t(ic)v(ic)'Ê 

This makes the resistivity effectiveness factor from Φ(κ) in eqn. 

(2.3-3) look like: 

pí, ЖЕ,) + <І2)НІ2) - ^ Щ ) - τ(ί?
4
)^(ί

4
)]

2
 (2.3.4) 

In the isotropic limit where x(k) is a constant, and, especially in the 

alkali metals where v(k) « k, this factor vanishes for normal scatter

ing. Therefore, Δ essentially determines the magnitude of A
e
_

e
. Since 

one plane wave suffices to describe the electron wave functions of most 

alkali metals, also the Umklapp contribution to their resistivity is 

rather small, i.e. Δ is in the order of a few percent. Values calculat

ed by Lawrence and Wilkins (1973), Mac Donald et al. (1981) and Lawrence 

(1976) for several simple metals can be found in table 2.1. 

Using different pseudopotentials, screening lengths, etc. other es

timates of Δ have been published by various authors. Especially in

teresting is the approach of Awasthi (1981) and Awasthi and Sathish 

(1981) who did not separate the resistivity into normal and Umklapp con

tributions, but rather took the lattice periodicity into account by 

means of an overlap integral involving the Bloch wave functions of elec

trons with their momenta separated by reciprocal lattice vectors. For 

potassium, they find a somewhat high value for A , but for sodium 

their result is reasonable. 

ρ 
2.3.2 Observation of Τ -terms 

The alkali metals 

ρ 
In Lithium, a Τ -behaviour of the resistivity up to 10 К was reported 

by Krill (1971). This result was later confirmed by measurements by 

Sinvani et al. (I98I). It took several years before the new experimen

tal methods with greatly improved accuracy were able to show that such a 

term is also present in potassium (van Kempen et al. 1976) which is, not 
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samples (Levy et al. 1979). The temperature is divided by the Oebije 

temperature sinae the eleatron-phonon term in both metals starts becom

ing important at about the same relative temperature. The pure Ir 

dependence which is attributed to electron-electron scattering is seen 

to dominate p(T) over a temperature range sufficient to determine its 

magnitude. 

very surprisingly, more than an order of magnitude smaller than in 

lithium and therefore hidden under the electron-phonon term down to 

about 1.4 K. Since they had to make assumptions on the electron-phonon 

term which was still controversial (Kaveh et al. 1979) a better avenue 

to follow was to measure down to lower temperatures where ρ is negli

gible. Pig. 2.8 shows such low temperature measurements on potassium 

and sodium (Levy et al. 1979)· In this plot, the horizontal parts of the 
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curves correspond to a pure Τ behaviour. 

Some controversy arose when Rowlands et al. (1978), the first to car

ry out high precision measurements below 1.2 K, found that the resis

tivity of their (.79 mm diameter) К samples behaved more like Τ ' than 

like Τ . Later Lee et al. (1932) measured ρ(τ) for a number of thicker 

о 

samples and confirmed the existence of a Τ term down to 0.4 K. By a 

Monte Carlo simulation, Black (1980) has shown that the sample size can 

ρ 

be responsible for deviations from Τ in thin samples. Very recently, 

Yu et al. (1984) measured a зегіез of samples with diameters ranging 

о 

from .09 to 1 .5 mm and found indeed important deviations from Τ -

behaviour in samples thinner than 1 mm. Their interpretation invokes an 

effect proposed by Gurzhi (1963), involving interference between normal 

e-e scattering and surface scattering. Consequently, another explana

tion of Rowlands' data by Bishop and Overhauser (1979, 1981) based on 

electron-phaaon scattering in the presence of a charge density wave 

structure lost its significance. One important feature of Р
е
_ in po

tassium remains the unexpected sample dependence of its coefficient 

А _ . Fig. 2.9 shows A
e
_

e
 for a large number of potassium samples from 

various authors, plotted as a function of ρ . There is clearly no simple 

relationship between these properties. 

Aluminiim 

Garland and Bowers (1969) ascribed a Τ term in aluminium and indium 

to e-e scattering. Senouasi and Campbell (1973) found τ' for ρ(τ) of Al 

from 1.2 to 4.2 K. Kaveh and Wiser (1975a) interpreted this as the sum 

ρ 

of an electron-phonon term and again a Τ term from electron-electron 

scattering. High accuracy measurements on samples which had widely 

varying residual resistivity and which had undergone quite different 

treatments (van Kempen et al. 1978, Ribot et al. 1979,1981) were entire

ly consistent with this picture, and showed an A
e
_ constant to within 

Ì0% (fig. 2.2). Ribot et al. (1981) also argue why the T2 term must 

certainly be ascribed to electron-electron scattering; other proposed 

mechanisms as found in section 2.4 could be ruled out. Finally, 

Schroeder et al. (1981) measured ρ(τ) of Al down to .3 К in a small mag-
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Fig. 2.9: A for many potaeeim samples with largely different residual 

resietivitiee p.. No aystematio dependence ie visible. 

netic field and found the expected shape and magnitude (corrected for 

field dependence) over the whole temperature range. 

The magnitude of A in all these observations was about a factor of 

20 higher than the value predicted by Lawrence and Wilkins (1973)· 

1.2x10" QmK"^. Various improvements on their method of calculating 

ρ caused only by Coulomb scattering were of little help. Only re

cently, MacDonald (1980) showed that the discrepancy could be removed by 

taking the influence of the phonons into account; partly via an enhanced 

quasiparticle mass, partly via the phonon-mediated character of the in

teraction, the missing factor of 20 is resolved. A. similar treatment 

for the alkali metals (MacDonald et al. 1981) shows that the Coulomb 

scattering contribution in those metals must be much smaller than previ-
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ously found, but the phonon mediated interaction restores the old order 

of magnitude. 

The noble metals 

Lawrence (1976) demonstrated the appearance of an electron-electron 

scattering originated Τ -term in the data of Rumbo (1976) for the noble 

metals. Khoshnevisan et al. (i 979a) found that ρ(τ) of silver went gen

erally like T^ from 0.4 to 7 K, but at the lowest temperatures an indi-

p 

cation of Τ behaviour was observed. The same happened to copper, in 

which an approximate Τ -term was seen below 2 К (Khoshnevisan et al. 

1 979b). Bergmann et al. (19Θ0) claimed that a Τ -term was hidden in all 

silver data of both Khoshnevisan et al. and Barnard et al. (1981,1982). 

A pure Τ -behaviour was reported by Schroeder et al. (1981) for copper 

at sufficiently low temperatures. Such a limiting region for silver was 

not found because of an extra effect showing up around 0.3 K, with simi

lar features as in the potassium data of Lee et al. (1982). The Debije 

temperature which is lower in silver than in copper makes the electron-

phonon terra important to considerably lower temperatures. In gold, the 

Debije temperature is even lower, so that there is little hope to ob-

serve a pure Τ region. Nevertheless, the occurrence of a simple 

electron-electron scattering contribution to the resistivity of the no

ble metals cannot be denied any more. 

2.3·3 Sample dependence of A 

Explanation of the sample dependence from anisotropic scattering 

The upper and lower limits of the measured А _
е
 values in table 2.1 

indicate the spread of A-values among different samples of the same me

tal. This spread is an order of magnitude larger in potassium than in 

the simple polyvalent metals, and was therefore first observed in potas

sium (see e.g. van Kempen et al. 1981 ). 
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Since auch a sample dependence conflicts with the fundamental ideas 

underlying the calculation of А Ъу e.g. Lawrence and Wilkins (1973), a 

way had to be found to introduce a non-intrinsic property, varying from 

sample to sample and affecting the magnitude of A. Kaveh and Wiser 

(1980a, 1982) argue that dislocations are the best candidate for this 

role. Dislocations, and other scattering centers like grain boundaries, 

and maybe even impurities (Llewellyn et al. 1977) or the sample surface, 

are expected to cause an anisotropic relaxation time. For dislocations, 

this is easy to imagine: the dislocation core can be viewed as a long 

charged region which is hardly experienced by electrons moving approxi

mately parallel to it, but much more by electrons which move in a plane 

perpendicular to it. Grain boundaries can be considered as dislocation 

arrays. Since the resistivity is determined by the factor (2.3.4), a 

deviation from a constant τ can increase the magnitude of the normal 

scattering contribution to P
e
_

e
 from zero to a considerable value. Now, 

т(іс) in (2.3·4) is just an average over all scattering mechanisms. At 

very low temperatures, the dominant scattering mechanisms are impurity 

scattering and dislocation scattering, so that the anisotropy in τ is 

coupled directly to the relative importance of the anisotropic part of 

these mechanisms. The residual resistivity ρ is proportional to 

τ~ -
 τ
Ϊ30

 + Tâni a n^ c a n thua be divided into Pig0 and Pani, which we 

shall call further on p^ and p^. Here we have redefined the meaning of 

the subscripts i and d, which are traditionally used for impurity and 

dislocation scattering, respectively. Thus, р^/(,р^ + p¿) is a measure 

of the anisotropy of τ. 

Kaveh and Wiser calculate the enhancement of the normal and Umklapp 

electron-electron scattering rates with this ratio as a parameter and 

find: 

k ' A ° + Ai [рг^-рг] ( 2 · 3 · 5 ) 

where A
0
 is the Umklapp contribution in the isotropic limit. Â  

corresponds to the maximum contribution from normal scattering. An es

timate of A« is difficult because the anisotropy of the electron-
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Fig. 2.10: A of a large number of potaeeium samplee from different au

thors plotted ав a function of P¿/p¿ to ehow the agreement with the 

theory of Kaveh and Wieer (1982). In the ааве of moet symbole р̂  and pj 

were infered by Kaveh and Wieer; for the oroeeee (samplee of Van Vuaht 

et al. 1982) and open trianglee (Haerle et al. 1982) these numbere Were 

extracted from a plot like fig. 2.12.. For the latter samplee, a serious 

discrepancy with the original theoretical curve (aontinuoue) ie visible. 

Thie can be removed by increaeing the imgnitude of A in the anieotropic 

limit by a factor of about 5. 

dislocation scattering time is badly known. In fact, Kaveh and Wiser 

made such assumptions that the observed variation in potassium from sam

ple to sample could be explained by assuming that only the dislocation 

content varied. Fitting their formula to data from Van Kempen et al. 

(1976), Rowlands et al. (i978) and Levy et al. (1979), they found that 
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A« • 'З.Ъ^О' -'ûnK" . This із to be compared to the expected value of A 

in the isotropic limit of about 0.5 xiO"
1
 ̂ QnK

- 2
. The data of Van Kempen 

et al.'s (1981) sample За, exhibiting both an anomalously large P
0
 and 

A, led Banino et al. (1981 a) to conclude in the light of this result 

that this sample was in the anisotropic limit. 

A of lithiun 

Lithium undergoes a martensitic transform in the vicinity of 75 K, 

and can therefore be expected to show an abundance of dislocations when 

cooled below this temperature. According to the Kaveh and Wiser theory, 

this produces a considerable increase in A. Also, among the alkali me

tals the Fermi surface comes closest to the Bragg planes in lithium and 

is hence far more deformed from sphericity than e.g. in potassium. This 

necessitates the use of multiple plane waves to describe the electron 

wave functions. This also increases the Umklapp processes, though not 

enough to account for the large A completely (MacDonald et al. 1981 find 

only about 10Í of the experimental values by including Umklapp and pho-

non mediated processes). 

Indeed, A is an order of magnitude larger in lithium than in potassi

um (30 vs. an average of г^хЮ" 1 5
QmK"

2
) as measured by Krill (1971) and 

Sinvani et al. (1981), and recently by Yu et al. (1983)· The absence of 

sample dependence is conceivable since all samples will already be in 

the anisotropic limit. Thus, lithium offers strong evidence for the 

correctness of the idea behind the Kaveh and Viser theory. 

Systeaatic investigation of the sanple dependence 

Various groups set out to check the validity of eqn. (2.3-5) by 

changing either the impurity content or the dislocation density of their 

potassium samples stepwise, measuring р(т) after each step. 

Levy et al. (1979) gave impurities the opportunity to diffuse into 

their potassium and sodium samples between subsequent runs. They as

sumed that the dislocation density, on the other hand, did not vary sig

nificantly upon each cool down. In this way, they obtained results 
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Fig. 2.11: p(T) ав a function of Г
2 for an annealed and a toreionally 

deformed etate of the same potaeeium eample (Van Vuaht et al· 1982) 

shoving an important increase in A, the elope of the linear parts below 

1.4 K. 

which were even quantitatively in agreement with Kaveh and Wiser's pred

ictions. In sodium, the decrease in A was relatively small, for the 

same reason as in lithium: a raartensitic transformation causes a high 

dislocation density even in undeformed samples. 

On the other hand keeping their samples' impurity content constant, 

Van Vucht et al. (1982) deformed their wire samples by torsion at or 

below 4.2 K. Fig. 2.11 demonstrates that the magnitude of the T
2
 term 

appeared to increase considerably upon deformation. The analysis of 

these data showed that it was perfectly possible to describe the results 

using eqn. (2.3.5) over a considerable range of residual resistivities, 

but that a much (about 5 times) larger value for A. emerged; a maximum 
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value of 8.1x10 -ΏπΚ чаз measured. It was found that A
0
 oould be 

considered negligible with respect to the second term in (2.3.5). An

nealing experiments showed that not only dislocations played a role in 

the anisotropic part of τ, but probably also another extended defect 

which anneals out at very low temperatures, identified by the authors 

with long vacancy pipes. 

The apparent contradiction with the results of Levy et al. (1979) can 

be removed by assuming only a higher pj for their samples than they did. 

The fact that their data lie on about constant p
0
A-value (which 

corresponds to рлА. according to eq. 2.3.5) in fig. 2.12 confirms how

ever that pj did not vary much from sample to sample. Thus, the effect 

of dislocations on anisotropy of τ may be much more pronounced than Ka-

veh and Wiser used to fit their model. 

The Michigan group chose to deform potassium by squeezing their sam

ples between two flat plates; their measurements extend down to 0.1 К 

(Haerle et al. 1984). When viewed above 1 К (the temperature range to 

which the other groups are confined), their data are consistent with к 

increasing on increasing pj. Below 1 К however an unexpected change in 

the temperature dependence of р(т) troubles the picture (fig. 2.13). 

This change is tentatively ascribed to an extra term from scattering of 

electrons by vibrating dislocations, proposed by Gantmakher and Киіезко 

(1975). Such a behaviour is in agreement with the experimental fact 

that the low temperature anomaly increases sharply with increasing 

dislocation content, and decreases upon annealing so that it cannot be 

caused by the change in geometry after squeezing. This extra term ex

tends to higher temperatures where its effect can be mistaken for an in-

crease in the Τ -term. Therefore it may be necessary to reinterpret the 

data of the other groups if this nature of the anomaly is confirmed by 

further experiments. 

Another possibility that should not be overlooked, however, is that 

it is really A that varies with temperature because of the eventual 

variation with temperature of the anisotropy caused by electron scatter

ing from certain entities. Since vibration modes of self-interstitials, 

interstitial impurities or dislocations freeze out at specific tempera

tures, these may be much more anisotropic as seen by the electrons than 
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Fig. 2.12: ρ /А αβ a function of p. for a large number of potaeeium βατπ-

plee from different authore. Data of the вате eample after different 

etagee of deformation are linked with arrows. The theory of Kaveh and 

Wieer predicts that if only p¿ variée the data ly on a straight line 

with elope /4^ and intercept p· with the ρ -axis. All data of Van Vuaht 

(1982) (full circles) and Haerle (1983) (open squares) are approximately 

consistent with this theory and give an A^ of about 250+20x20 ОяйГ 

for most data. When a specific Αη is assumed this plot enables one to 

determine the Oj part of p. from A. Open triangles are from Van Kempen 

et al. (1981); closed triangles from Levy et al. (1979); open circles 

from Lee et al. (1982). 

at temperatures where their vibrational modes are mostly excited. 

An anomaly of the same kind has already been observed in undeforaed 

silver crystals (Schroeder et al. 1981) and has recently been shown to 

be very pronounced in undeformed lithium and rubidium samples (Yu et al. 
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1985). 

Sample dependence of к in the polyvalent metals 

Whereas the Kaveh and Wiser theory on the sample dependence of A was 

devised originally for the alkali metals, the same effect has been ob

served in deformed samples of aluminium and copper. The observed varia

tions are slightly less impressive than in potassium, because Umklapp 

scattering is relatively more important in these metals with Fermi sur

faces crossing the Brillouin zone boundaries. 

Sinvani et al. (i 981) first measured р(т) of deformed aluminium sam

ples, annealed them and then measured р(т) again. The samples were not 

very pure, and went thus from a somewhat anisotropic situation into the 

isotropic limit. The electron-phonon term increased thereby (see 2.2), 

but at the same time A decreased by about 20%. The magnitude of this 

decrease, as well as the sample to sample variation of A in the data of 

e.g. Ribot et al. (1981) of some 15$, can be understood in terms of a Δ 

of about 0.4, permitting a maximum enhancement of A by about 2.5 times. 

A sharp increase in A has also been seen in copper and copper-silver 

alloys by Steenwyk et al. (1981) and Zwart et al. (i 983), and the data 

of several previous authors on silver and copper have been analysed in 

view of e-e scattering enhancement by Bergmann et al. (1980, 19 2а). 

Steenwyk's data on copper have been explicitly shown to be in quantita

tive agreement with this theory by Kaveh and Wiser (1983) based on the 

calculated value of Δ of 0.3-0.4. Since the maximum value of Δ is of 

course 1 , this implies, as in aluminium, a maximum variation in A of 

about a factor 3. 

Temperature dependence of A
e
_ 

Another triumph of the Kaveh and Wiser theory is the explanation of 

the different behaviour of A at low and high temperatures in the alkali 

metals, in aluminium and in the noble metals. Since at high tempera-

tures (Τ >> -S) electron-phonon scattering dominates and is very isotro

pic, all sample dependence in A found in potassium at low temperatures 
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tasBbum eamplee (Lee et al. 1982) ehowing the апотаіоив гпс еаее from 

the expected constant value at low T. Apart from being eeen as an in

crease in A, this phenomenon can be aecribed to an extra term, probably 

from inelastic electron-dieloaation scattering. 

disappears. In aluminium, A decreases at higher temperatures since the 

phonon mediated contribution disappears, and in the noble metals, where 

this contribution is not important, A remains about constant. 
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2.4 Other temperature dependent terms 

Apart from electron-phonon, electron-electron and electron-vibrating 

dislocation scattering, a few other temperature dependent resistivity 

2 

contributions are proposed for simple metals. Some of these have Τ 

behaviour and can thus be mistaken for electron-electron scattering ef

fects, or inversely. 

2.4.1 Surface scattering 

When the bulk electron mean free path is of the same order of magni

tude as the sample dimensions, i.e. when the latter are comparable to or 

smaller than about a millimeter for pure metals at low temperatures, a 

considerable fraction of the collisions that a conduction electron un

dergoes is on the sample surface. Apart from reducing the mean free 

path directly (a temperature independent process), this can cause DMR by 

interference of surface scattering and e-p or e-e scattering. 

ρ 

A heuristic prediction of a Τ -term from surface scattering is pro

posed by Van der Maas et al. (1981, 1983) who base this on an analysis 

of existing data. The samples involved have much smaller dimensions 

2 

than those used in most experiments mentioned above, so that their Τ -

term cannot be entirely caused by this size effect. On the other hand, 

the surface may be seen as one giant anisotropic scatterer and therefore 

cause the electron-electron term to be raised over a factor of 2-5 in 

the polyvalent metals. The order of magnitude of the observed varia

tions in the noble metals is in agreement with such a point of view. 

Note however that the size dependent effects recently observed by Yu 

et al. (1984) show serious deviations from Τ -behaviour. Since this ef

fect occurs below 1 K, and the Van der Maas analysis applies at higher 

temperatures, there is no direct discrepancy. 

Sambles and Priest (1982) performed an extensive calculation of the 

effects of surface scattering on ρ(Τ) and found that this influence may 

consist both in the enhancement of a Τ -term in ρ(Τ) of the bulk metal, 
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and in the appearance of an extra Τ -term due to electron-phonon 

scattering. There ia a lack of systematic data to test this theory 

quantitatively so far. 

Furthermore, there is the Gurzhi effect mentioned above, which is in

voked by Yu et al. (19Э4) to explain their results qualitatively. 

Since the effects of surface scattering are apparently not well un

derstood at this time, precision measurements of ρ(τ) for bulk metals 

should be performed on samples with diameter greater than 1 mm. 

2.4.2 Inelastic impurity scattering 

In the ІЭбСГэ, Koshino and Taylor found evidence that inelastic 

ρ 

electron-impurity scattering should contribute a Τ -term to the resis

tivity. Such a term was reported for potassium containing rubidium im

purities by Lee et al. (1980). It is recognised by the linear variation 

of its magnitude with the Rb concentration (fig. 2.14). For samples 

with impurity content up to about 0.1 %, it is comparable to the 

electron-electron term. Therefore it is tempting to interpret at least 

part of this term also in terras of modification of the e-e term because 

of the aniaotropy of electron-Rb-impurity scattering, which is shown to 

be considerable by Llewellyn et al. (1977)· However, the linearity in 

concentration and the lack of saturation of this term, which would be 

prescribed by eqn. (2.3.5), show that this effect can not be exclusively 

ρ 

respons ib le for the observed large Τ terras. 
ρ 

A Τ -term from electron-vibrating impurity scattering was also pro

posed by Kagan and Zhernov (1966), who found at the same time that im

purities could also give rise to T
4
 and Τ -terms by modifying electron-

phonon scattering. 

New calculations by Fleurov (1980) predict even a negative /T-term 

from interference between electron-electron and electron-irapurity 

2 

scattering, which would be replaced at somewhat higher Τ by a Τ -

behaviour, and therefore gives rise to a resistance minimum. Experimen

tal evidence for such a term is lacking, however. Also, a danger would 

exist in confusing this term with the Kondo term arising from magnetic 

impurities, which is well known to produce a resistance minimum, too. 
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Fig. 2.14: Magnitude of the aoeffiaient of the Τ -term in p(T) as a 

function of rubidium aonaentration for dilute KRb alloy в (Lee et al. 

1980). 

2.4.3 Temperature-dependent terms from e-dial scattering 

Measurements on copper and molybdenum samples showing steeply rising 

temperature-dependent terms with a magnitude proportional to dislocation 

density lead Gantmakher and Kulesko (1975) to propose two mechanisms ex

plaining such a behaviour from electron scattering on dislocations. In 

the first mechanism, the electron scattering is influenced by vibration 

energy levels of the dislocations. These authors prefer a mechanism in 

which the scattering is caused by the existence of levels closely above 

the Permi surface in the vicinity of dislocations, and are able to fit 

their measurements to a formula derived for this situation. Measurements 

on gold supporting this theory have also been reported by Endo and Kino 

(1979). The Michigan State University group was also reasonably suc-
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ceasful in fitting their data (showing the low temperature anomaly) to 

the vibrating dislocation theory. However, the values of the involved 

parameters are quite different for both experiments, the temperatures 

being of the order of 100 К for Gantmakher and Kulesko's data as opposed 

to 0.1 К for Lee et al.'s data, and the magnitudes being very different. 

Such discrepancies may be caused by the quite different nature of the 

metals considered, but it is more likely that different processes are 

involved. 

2.5 More PUR sources 

An appreciable part of the previous sections has described deviations 

from Matthiessen's rule, mostly caused by interference between different 

scattering processes, and sometimes by new scattering mechanisms related 

to sample dependent properties. We should add a few effects which could 

not be caught under one of these titles: 

The temperature dependent resistivity of lithium samples in which two 

isotopes were present in varying relative amounts was measured by Ba-

bushkina et al. (i 982). DMR in these crystals were explained not only 

from isotropisation of the scattering time, but also from deformation of 

the phonon spectrum caused by the differences in ionic masses. 

A high magnetic field was used in measurements on aluminium samples 

as an additional way of moving electrons across the Fermi surface, over 

such large angles that the effect was to isotropise the electron distri

bution (Mitchel et al. 1980). In this way, in fact a decrease of the 

DHE caused by impurities was obtained. This supports theories which ex

plain DMR in zero field from anisotropic electron-phonon scattering. 

2.6 The residual resistivity 

The residual resistivity, or resistivity at (extrapolated to) Τ = 0 

К, is by far the dominant term at low temperatures for even the purest 

metals. Therefore, originating from the idea that it was arising only 

52 



from impurities, metals are still said to be in the 'impure limit' 

below, say, a few tens of K. Of course, apart from impurities many dif

ferent structural defects also contribute to the residual resistivity in 

widely varying degrees. In view of the previous sections, where it was 

pointed out that impurities and lattice defects may have completely dif

ferent influences on т(Іс) and therefore on DMR in the temperature depen

dent terms, it is clearly essential to have as detailed knowledge and/or 

control as possible of the relative amounts of each scatterer in ones 

samples. 

2.6.1 Electron-impurity scattering 

A very complete review by Aleksandrov (1971) on contributions to ρ 

demonstrates that the residual resistivities of even the purest metals 

are indeed dominated by impurities as long as they are properly an

nealed. The purest metal samples available today have impurity concen-
Q 

trations down to 1 part in 10 , giving residual resistance ratios 

( = p(273K)/p
0
) of more than ICP; typical numbers are a factor of 10-50 

worse for the polyvalent metals and a factor of 50-500 worse for the al

kali metals. Most impurities are either metals, carbon, hydrogen, ni

trogen or oxygen. Ferromagnetic metal impurities form an especially awk

ward problem for the study of ρ(τ) of the noble metals where they give 

rise to an important Kondo effect if present in measurable quantities. 

Most impurities occupy lattice sites and are usually assumed to be 

isotropic scattering sources for the conduction electrons. It was found 

by Llewellyn et al. (i 977a) from Dingle temperature measurements аз a 

function of orientation of potassium crystals, that there is an aniso-

tropy of 10.θί in the scattering time from rubidium impurities, however, 

and of 19.5^ from sodium impurities. These results show that, at least 

in the alkali metals, impurities should not be regarded аз completely 

isotropic scatterers. An explanation of the anisotropy (Llewellyn et 

al. 1977b) involves variations in electron wavefunctions over the Fermi 

surface and the anisotropy of strain introduced in the lattice. 
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2.6.2 Lattice defects 

Lattice defects are usually divided into two groups according to 

their spatial character: on one hand vacancies and self-interstitials 

which are point defects (though around which the lattice is a little de

formed) and on the other hand extended defects like dislocations, stack

ing faults, and grain boundaries. The limits are vague since vacancies 

and interstitials are known to form certain complexes extending over 

several lattice constants, and dislocations can form very small loops of 

about the same size. For considering the influence on transport, howev

er, the division into point defects and extended defects is convenient. 

2.6.3 Annealed samples 

There is always some minimum number of lattice defects present, even 

in well annealed samples. At higher temperatures, this is caused by the 

defects being in thermal equilibrium with the lattice. This effect is 

appreciable only when the defect formation energy is close to of kT, 

i.e. in practice only for vacancies and aelf-interstitials at tempera

tures in the order of the melting temperature. At lower temperatures, 

their concentration dies away exponentially if one cools the samples in

finitely slowly. Since this is never possible, very small concentra

tions, usually masked by impurities, always persist. To study imperfec

tions other than impurities, one can use quenching from a certain tem

perature to obtain a sample with a high point defect density which re

flects the density at that temperature. 

A remanent dislocation density in well annealed alkali metal crystals 

is measurable by X-ray techniques. These dislocations form a mosaic 

block structure with a density of about 10 cm (Adlhart et al. 1931) 

Also, Gugan (1982) asserts that a dislocation density of 10'cm is the 

highest reasonable density for an annealed potassium sample. The resi

dual resistance due to these dislocations is unmeasurably low for even 

the purest available metals. 
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The same applies to grain Ъошкіагіеэ in non-single crystals as long 

as the crystallites are of the order of typical sample dimensions like 1 

mm or so. For a few polyvalent metals, Aleksandrov et al. (1974) found 

a resistivity contribution from grain boundaries Pgt/
n
gb

 0
f about 

10 Qcm . Using distances between thera of 1 mm, this gives 10" ßcm, 

which is low with respect to p0 from impurities. 

2.6.4 Deformed samples 

Samples are deformed mostly by tension, compression, bending or tor

sion. In the first case many vacancies are produced (Kozinets et al. 

1977). In all cases, dislocations are the major defects that occur. An 

indication of the relative amounts of defects produced in deformation 

can be obtained by annealing experiments. Such an experiment was per

formed on stretched and compressed potassium samples by Gurney and Gugan 

(1971). They measured the residual resistivity decrease after annealing 

at a series of temperatures and found that an important part of the an

nealing took place at a few stages with widths of 5-40 K. In Fig. 2.15, 

these stages are labelled A-Ε. The little peak around 4.5 К (stage A) 

is ascribed tentatively to the motion of interstitials; the broad stage 

В is associated with several processes involving the long range migra

tion of vacancies, and around 110 К (stage E) dislocations anneal out 

and recrystallization may take place. According to this interpretation, 

both vacancies and dislocations were formed in macroscopic numbers dur

ing deformation. 

Independent information on the same subject was obtained from meas

urements of the change in length of samples deformed at 1.2 К and an

nealed in subsequent stages (Gugan 1975): this experiment also showed 

important rearrangements going on below 20 K. Both experiments show 

that annealing at well chosen temperatures can aid in controlling selec

tively the kind of lattice defects in ones samples. Especially, to ob

tain a high dislocation density without a large number of point defects 

partial annealing after deformation has been used by various groups, see 

e.g. Van Vucht et al. 1982. 
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2.6.5 Resistivity due to dislocations 

In contrast to vacancies and interstitiels, which may Ъе regarded as 

special kinds of impurities, the nature of conduction electron scatter

ing by dislocations is far from clear. Both the long range strain 

fields and the more sharply defined core are expected to contribute to 

e-disl scattering, but there is not much agreement yet on which of these 

predominates. 

The long range strain field of a dislocation will cause primarily 

small angle scattering. That such an effect is powerful is demonstrated 

by an elegant experiment by Zavaritslcn (1975): he made a heat current 

flow down a torsionally strained zinc crystal. The electrons obtain a 
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tangential momentum component from the asymétrie strain field which is 

present everywhere in the crystal, and thus produce a measurable magnet

ic field parallel to the main current direction, proportional to both 

current and torsion angle. In their theories concerning the interfer

ence of e-dial scattering and other scattering mechanisms, Kaveh and 

Wiser (see previous sections) assume most of e-disl scattering to be of 

this small angle nature. 

On the other hand, Brown (1977,1982) considers core scattering as the 

most important mechanism and obtains very good agreement between experi

mental and calculated values for the resistivity as a function of dislo

cation density. He is supported by Basinski et al. (i 983) who infer 

from De Haas-Van Alphen measurements on copper samples that, at least as 

far as resistivity is concerned most of the e-disl scattering must be of 

large-angle nature, as expected from core scattering. 

The resistivity per meter of dislocation has been a subject of exper

imental study for many years: Basinski et al. (1963) give a review of 

available data for many metals. An updated review can be found by Brown 

(1982). For the alkali metals, where much dislocation annealing takes 

place far below room temperature, experimental values of the dislocation 

density are hard to give, and this entity is normally estimated from the 

degree of deformation and comparison with other metals. Usually Рл/п^ 

is found to be constant or just assumed so. Deviations from this 'rule' 

are given in Kaveh and Wiser (1933a). One important point is that 

Kulesko and Borzenko (1980) found that, in zinc, edge dislocations gave 

rise to a considerably stronger resistivity than screw dislocationsj 

probably, this can be explained by the fact that the core of an edge 

dislocation is really a long row of partial vacant sites, but a screw 

dislocation causes far less disturbation of the background ion density. 

Theoretical calculations of Р^/ьд have been performed by various 

groups; see also Basinski et al. (1963). Among the modern calculations, 

Brown's (1977, 1982) is very successful. As mentioned above, he assumes 

the predominance of large angle scattering by the dislocation core. 

Resonance states localised at the dislocation, like proposed by 

Gantmakher and Kulesko (1975), play an important role in the process. A 

universal, very simple formula which must be generally valid for the ma-
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Fig. 2.16: P¿/n¿ αβ a funation of n¿ for· aluminium at 4.2 К and at 80 K, 

as predicted by Kaveh and Wiser (1983), and some data to be aompaved 

with the theory (see Kaveh and Wiser 1983 for references). 

jority of metala, gives good agreement indeed with the experimental 

data. Since the core is relatively small, the proximity of other dislo

cations is not found to influence the dislocation resistivity in this 

theory. 

Mutual influence of dislocations was found, however, by Kaveh and 

Wiser (1981b, 1983a) who obtained a decreasing Рл/пл as a function of 

nj. Their argument is based on the same considerations as their treat

ment of M R due to interference between electron-phonon, electron-

electron, electron-impurity and electron-dislocation scattering (see 

previous sections). Since e-p scattering is involved, their curves are 

temperature dependent (fig. 2.16). Experimental evidence for these ef

fects is not yet widely available, however. Also Bhatia and Gupta 

(1970) found evidence of strong interference between various scattering 

sources in their calculations of PJ, giving a dependence of this quanti

ty on impurity content, and causing considerable DMR. 
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3. The low temperature thermal resistivity 

In contrast to the electrical resistivity, there have been no great 

surprises in the thermal resistivity recently. One reason for this is 

that the measuring precision has not made the jump of several orders of 

magnitude which applies to the electrical case. The other is that new 

effects seen in the electrical resistivity are either completely absent 

(phonon drag) or only visible at higher temperatures (electron-electron 

term). There exists a thermal counterpart of Matthiessen's Rule and de

viations from it: calculations of the latter use the same ideas as 

electrical resistivity calculations (and are often combined with them), 

giving results of the same order of magnitude for relative M R . There 

exists less experimental support in the thermal сазе, however. 

The electrical current is carried by particles with a temperature in

dependent charge. The thermal current, carried not only by electrons but 

also by phonons, is proportional to the amount of heat each of these 

particles bears which is proportional to T. Ignoring the phonon thermal 

conductivity, and assuming that the relaxation times for the thermal and 

electrical current are the same, a proportionality λ(τ) «σίτ)! is to be 

expected. Ziman (i960, section 9·9) gives a general derivation of the 

ratio of both entities and arrives at the following result: 

λ - L = ^ 
•ЭТ

 ho 7 

where L
0
 is called the (zero temperature) Lorenz number. Apart from a 

slightly different value for L
0
, this is the same expression as derived 

by Wiedemann and Franz in 1853 for a classical gas. 

For this derivation to hold, it is important that the scattering 

mechanisms are equally effective in restoring the equilibrium electron 

distribution in momentum space whether the disequilibrium is produced by 
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tions from L (aontinuoue line) become smaller ae the share of 

electron-impurity scattering in total scattering increases. 

a temperature gradient or by an electric field. Therefore, small angle 

scattering processes are excluded, since they are effective in moving 

electrons perpendicular to the Fermi surface: they convert 'hot' elec

trons into cold ones and cold electrons into hot ones. Such processes 

are far less important for the electrical resistivity. Small angle 

scattering arises e.g. from electron-phonon interaction at low tempera

tures. At high temperatures, where impurities and high energy phonons 

dominate the electron scattering, L is expected to return to L
0
. At in

termediate temperatures, where eleotron-phonon scattering is conaider-
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able but of small angle character (or inelastic, since the electron en

ergy varies perpendicular to the Perini surface) the effective Lorenz 

number L deviates from L by tens of percent. As an illustration, 

results for L(T) of Al obtained by Amundsen et al. (1972) from measure

ments of ρ(τ) and W(T) on the same samples are shown in fig. 3.1. At 

the low temperatures where the data were taken, the deviations from L 

are due to the e-p interaction. The lattice thermal conductivity is 

another, usually small source of deviations from the Wiederaann-Franz 

law. 

3.1 The electron-electron and electron-phonon interactions 

At low temperatures the electrons are mainly scattered by impurities 
2 

and phonons. The latter produce a Τ -term in the thermal resistivity at 

the lowest temperatures, when calculated in the Bloch limit, in contrast 

to a T^ which would be expected if the Wiederaann-Franz law would be ap

plicable to this process. Thus the total electron thermal resistivity 

at low Τ is described approximately by: 

w
e
 = (λ

6
)"

1
 » ¿° +bT

2 (3.1) 
о 

The lattice thermal conductivity, which is added to λ, is 2 to 4 orders 

of magnitude smaller than λ for reasonably pure metals and can thus be 

ignored for the moment. Experimentally, this relation is obeyed in po

tassium approximately from 1.5 to about 10 К (fig. 3.2, Newrock and Max-

field 1973) with b ranging from 1.53*10"' cm/WK in pure samples to 

2.38*10"^ cm/WK in impure ones. A closer look at these data reveals 

some details which are ascribed to the onset of Umklapp scattering (see 

calculations by Ekin 1972). The latter is far less dominating than in 

the electrical conductivity because normal processes at low temperatures 

are of small angle nature but Umklapp processes scatter over large an

gles. The picture is similar in other simple metals: e.g. Rumbo (1976) 

measured the thermal conductivity of silver and copper samples and found 
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and Maxfield 1973): the etraight linee give evidence of terme in IT 

(connected to the veeidual veeietivity via the Wiedemann-Franz law) and 

in Tr which corveeponds to electron-phonon saatteving in the Bloch lim

it. 

the above formula to hold apart from a somewhat lower exponent of the 

e-p term in both metals. Also here considerable M R were demonstrated 

in his pure and impure, unstrained and strained samples. 

More recent calculations of W® _ by Jumper and Lawrence (1977) and 

e-p 

Leavens (1977) come closer to the data of Newrock and Maxfield for po

tassium; the latter, incorporating the energy dependence of the distri

bution function, is reasonably successful in explaining the 30ίί M R 

found in the coefficient b. 
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The contribution from electron-electron scattering, W^ , is found to 

be proportional to T, with the coefficient of the order of 2-8x10"^ cm/W 

in potassium, and much smaller in the polyvalent metals (calculations 

e.g. by Kuklconen and Smith 1973, Kukkonen and tfilkins 1979, and with a 

different method MacDonald and Geldart 1980). This magnitude is such 

that the term cannot be resolved at low temperature by state-of-the-art 

measuring techniques, but at temperatures well above Op its existence 

can be inferred from the difference between expected and measured values 

"f W|_ (τ) and W ( T ) , respectively. Agreement between experiment and 

theory for К is good in this region: 2.7
x
10~

4
cm/W measured by Cook 

(1979) vs. 2.4 predicted by MacDonald and Geldart (1980). 

The importance of these high-T data lies in the opportunity to com

pare the results to those calculated by the same methods for the low 

temperature electrical resistivity. This enabled Kaveh and Wiser 

(l981a) to demonstrate the existence of temperature regions with dif

ferent e-e scattering intensities because of a varying k-dependence of 

the total relaxation time (see section 2.3)· 

3.2 The lattice thermal conductivity 

The thermal conductivity by phonons, to be denoted \ s
 (where the g 

stems from the German 'Gitter'»lattice), is of interest from two points 

of view: 

- It provides a method for studying the phonon-electron interaction as 

seen by the phonons, and the scattering of phonons by impurities, de

fects etc.; 

- Its magnitude must be known in order to draw the right conclusions 

from experiments on the electron thermal conductivity. 

The latter point is generally unimportant in pure metals at low tempera

tures and in zero magnetic field, where λ^ is 10-10* times smaller than 

λ
θ
. Under the following conditions its influence becomes measurable or 

eventually dominant: 

a) When the sample is superconducting: then the electrons carry no heat 

at all, and the phonons are not scattered by electrons. 
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b) In high magnetic fields: thermal magnetoresiatance diminiahes the 

electron heat current. 

c) In dilute аііоуз, where the impurities reduce the electron mean free 

path by orders of magnitude. 

On the other hand, these conditions can be employed to observe \°. 

Then, a) can only be applied to a few simple metals over a very limited 

temperature range (Al below 1.18 K, In below 3-4 K) and since phonon-

electron scattering is absent, not the same λ
β
 is measured as in the 

normal state; b) and c) are widely used. When using the alloying 

method, alloys of different impurity concentration (up to about 30%) are 

produced and their thermal resistance measured; the electronic contribu

tion is calculated from the Wiedemann-Franz law and the ideal (e-p) 

thermal resistivity, and subtracted from the results. Care has to be 

taken to be sure that the phonon-impurity scattering stays unimportant 

with respect to the dominant mechanism which limits \°. When using mag

netic field methods, an extrapolation to infinite field is supposed to 

eliminate the entire heat conduction by electrons but to leave λ^ unaf

fected. These methods are described in the next section. 

At the low temperature limit, the most important scattering mechanism 

which limits λ^ in most simple polyvalent metals is the phonon-electron 

interaction. At higher temperatures, say around ©p/lO, phonon-impurity 

and phonon-phonon scattering start taking over (Ziman 1960 ch. 8.9) so 

that λ* starts at zero, attains some maximum value at about Θ^/ΐΟ, and 

falls gradually back towards zero at high temperatures. 

The phonon-electron term is closely related to the electron-phonon 

interaction, and in the simplest approximation can be related to the 

ideal thermal resistivity W
i
=bT (Klemens 1969 p.6l): 

x
g . з ц Г х " ! 1Г4/5 

WiKJ 

where N is the number of conduction electrons per atom. This therefore 

yields a Τ -behaviour of λ
β
 at low T. 
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Both alloying and high field methods have been used to determine λ^ 

of the polyvalent metals (for a review, see Butler and Williams 1978), 

and the results for aluminium and indium show satisfying consistency 

among each other and with Klemens' simple formula. In fig. 3.3, this 

1 

sc 

υ 

5 

T(K) 

Fig. 3.3: The lattice thermal aonduativity λ̂  of aluminium plotted loga

rithmically as a function of T. Data from De Lang et al. (1978) measured 

by the Covbino method. The straight line indicates Tr behaviour. 

purely quadratic behaviour is shown for aluminium. One might compare 

the values for Al: the formula gives λ
β
 = 1 .1 (iCT^Wcnf

 1
K"

1
 ), measure

ments on Al(Cu) alloys (Amundsen et al. 1977) give 1.0 in the same un

its, data from Al(Mg) alloys give .86 (Klaffky et al. 1975), and meas

urements on very pure Al samples in the high field Corbino method which 

is explained below (De Lang et al. 1978) give 1.0 for the coefficient. 
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The Τ -form persists up to about 10 K. The СогЪіпо method was also ap

plied down to 0.4 К by Van Kempen et al. (1972) to indium, giving the 

high value of 9.5(10" Τ Wem" К" ). Here, there is less consistency with 

results from measurements in the superconducting state. 

3.2.1 The alkali metals 

The alkali metals present a much less simple picture. We shall con

centrate on К since most of the work has been done on it. Fig. 3.4 con

tains theoretical data based on a simple calculation by Ekin (1972), as 

well as data found by alloying with Cs (Archibald et al. 1967), by al

loying with Rb (Amundsen and Salter 1981), and by high field methods in

terpreted in different ways (Stinson et al. 1979a,b, Van Vucht et al. 

1984a, Tausch and Newrock 1977). There is no serious discrepancy 

between Ekin's calculations and the alloying results, if one takes the 

limited precision of both into account. The high field results, however, 

are either much lower or much higher than the former, moreover, the 

highest curves show a temperature dependence which is quite different 
2 

from the Τ the others find approximately. We have to take a closer 

look at the most used high field methods to get some insight into possi

ble causes of these differences. 

We start by assuming that we work in the high field limit, where 

ω
0
τ>>1. For potassium of usual purity this is true at fields В >> 0.05 

Τ, that is at comparatively low fields. The Lifshitz-Azbel'-Kaganov 

(LAK) theory (1957) predicts in this limit for the simple metals we con

sider that the diagonal thermal magnetoresistance saturates to a value 

W®. However, it has been found experimentally that in the high field 

limit there is always a linear term in В present. This happens both in 

the thermal and in the electrical conductivity, and is treated exten

sively in ch. 4. It is found experimentally that W® is practically equal 

to the zero field resistivity V
e
 which behaves according to eq. (3.1). 

Furthermore, there is the Righi-Leduc coefficient (the thermal counter

part of the Hall coefficient): WÍL/B - Any. According to LAK-theory, Адт 
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should have the free-electron value (L Tne) , which is found to be in 

agreement with experiment within about 5$ in the temperature region of 

interest (Fletcher 1977a). Thus we have for the tensor components ¥®
χ 

"xy 

W^(1 + otB) 

W
xy

 = A
R L

B 

where W is the zero field thermal resistivity (see previous section) 

and a corresponds to a thermal Kohier slope. 

Inverting the tensor W
e
 to obtain λ

Θ
, and adding the lattice com

ponent, we obtain: 

λ
 - ,,« , , W

O
( 1 *,

a B ) 

(0 ¿(1 + aB)¿
 + ( A R T B )

¿ 

^RL·^ 

λ

 A
R L

B

 r 

«У (W§)¿(1 + aB)
¿
 + ( A R L B )

¿ 

At the highest fields, terms W^ independent of В in the denominator will 

become negligible, and defining 

we can write: 
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Fig. 3.4: The lattice thermal aonduativity of potaeeium as found by 

variouB uovkere. Curoe a represente a aaloülation by Ekin (1972) assum

ing only phonon-electron scattering in a simple approximation. Curve b: 

a K(Rb)-alloy (Archibald et al. 1967); a: a K(C8)-alloy (Amundsen and 

Salter 1981); d: \3 determined from high field thermal coefficients by 

Tausah and Newrock (1977); e: the same data interpreted according to 

Fletcher's method, i.e. via the quadratic term in Wtotal(B); f: high 

field data from Stinson et al. (1979a,b); g: high field Corbino data 

from Van Vucht et al. (1984). 
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λ ϊ χ = λ« 
W§(1 + öS) 

It will Ъе explained furtheron, that in the Corbino method λ ^ із meas

ured directly. In methods other than the Corbino method, components of 

W are measured. We find these by inverting back from λ: 

W*(1 + oS) 

2^2 λ« 

total _
 A

1
B 

w
xx 

-¡fp-J 
A2 

y t o t a l = 
wxy 

ARL 

W d̂ + aB)T A2L 

Af B^ f A ^ 

which can be approximated at not too high fields, and if α<<Α
Β
τ so that 

A, -A
R L
, as 
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wt°
t a l
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Thus there appears to be an extra term proportional to В m \ί

χ χ
 which 

was not expected originally, and which can be explained, in principle, 

completely from λ^. Also, the Righi-Leduc coefficient Αητ decreases by 

a factor (Fletcher 1974): 

.meas _ .e 
A
RL "

 A
RL Γ-^-Ί: 

The quadratic term in W has indeed been observed in measurements on 

potassium by Newrock and Maxfield (1973a, 1976) and Tausch et al. 

(1979). Fletcher (1974) attributed such a term wholly to λ
β
, which ren

dered a very unsuspected magnitude and temperature dependence for this 

term. This was a reason for Tausch and Newrock (1977) to reject such an 

interpretation; they also measured Адт and saw that this decreases much 

less than expected at such a large λ
8
. Therefore, they adopted \s-

values which were about a factor of 15 lower and approximately quadratic 

in temperature. They argued that another mechanism, such as open orbits 

from a charge density wave (see ch. 5) must be responsible for the В -

term. Since in a Gerbino geometry (see below) such a term arises natur

ally, a partial Corbino effect was proposed as an alternative by De Lang 

et al. (1979). Stinson et al. (I979a,b) remeasured ¥ and ¥ „ simul-

taneously for a small number of samples, so that they were able to 

determine λ
χ
£ by inverting the W tensor. They found again the large 

values for λ* shown in fig. 3.4. The situation stayed very confusing: 

Tausch et al.'s results could be criticised for the quadratic term stay

ing unexplained, and for the fact that their explanation effected too 

strong a field dependence of λ^ В (Fletcher and Opsal 1979); on the oth

er hand, the small λ
β
-νβΓ3ίοη explained why ν

χ χ
 was not found to sa

turate up to 9.5 T, and removed inconsistencies regarding the thermal 

Kohier slopes (Tausch and Newrock 1979). 
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Аз an independent experiment, Van Vucht et al. (і9 4а) measured λ 

аз a function of В and Τ in the Corbino configuration. Tn this confi

guration, the sample is a disk with a hole in the middle, perpendicular 

to the magnetic field. The heat current flows from the central hole to 

the outer perimeter. Contrary to the normal geometry, where the 

transverse heat current is forced to zero, here the transverse tempera-

• ^ 

/*TÇ" iTv 
Э^ , 

Fig. 3.5: Reotangular and Corbino geometry compared. The magnetic field 

ie perpendicular to the sample plane. In the usual rectangular geometry, 

the heat current flows from the left to the right but can't have a 

transverse component: one can measure №„ and ΔΓ which render цг*
0
*^ 

У- t 7 x У x x 

and W° a . In the Corbino geometry, the heat current flows radially 

from the center hole to the outer perimeter and will have a tangential 

component, which is formed by electrons spiraling logarithmically to

wards the perimeter. Here, ΔΓ is radial because of symmetry: χ^0^α^ i 8 

measured directly. 

ture gradient 13 zero because of symmetry (Fig. 3.5). Instead of W , 

now λ
χ ϊ
 is found directly from the quotient of heat current and tempera

ture gradient. This offers two advantages: first, only the infinite 

field limit of one quantity has to be deduced from the data instead of 

two elements of a matrix to be inverted. Second, if ч<<Ат,т, the elec

tronic contribution to λ
χ χ
 in the Corbino configuration decreases mainly 

with В in contrast to (W
x x
) m the conventional geometry which de

creases only with В . 
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The СогЪіпо results are easy to interpret and make a clear extrapola

tion to infinite field possible. The corresponding curves are also to be 

found in Fig. 3.4: they confirm the 'high' results of Stinaon et al. 

and the rejected interpretation of Tausch and Newrock's data. Further

more, the electronic part of λ^^, which must be equal to ^ Α ^ Β if 

a= 0 (which was in reasonable agreement with the data) gives the esta

blished zero field behaviour of ¥ (previous section) if for ІЦ, the 

free electron value is taken. These results suggest that the lattice 

conductivity of К really behaves like the top curves in fig. 3.4· 

Since λ^ of К does not show the Τ dependence found in polyvalent me

tals, at least not between 2.5 and 7 K, another mechanism must be 

responsible. A clue can be found in a calculation by Albers et al. 

(1976) who found that for most phonons p-e scattering is dominant below 

about 10 K, but there is a class of low momentum transverse phonons 

which are far less sensitive to scattering by electrons than the majori

ty of phonons. This is the same phonon group which might be responsible 

for phonon drag quenching in the presence of dislocations (Engquist 

1982; see section 2.2). Between 2.5 and 4 K, the main scatterer for 

this group of phonons might indeed be dislocations. The sample depen

dence of the absolute magnitude of the data in that temperature range 

support this. The sample dependence of λ^ of Al(Mg) alloys has been 

found by Klaffky et al. (1975) to go like Τ upon deformation. Calcula

tions on this base have been performed by Madarasz and Szmulowicz (1983) 

for Cu(Al) alloys, and by Stinson et al. (l979a) for their potassium 

samples. The results of the latter authors are confirmed by their meas

urements of the Nernst-Ettinghausen coefficient e . Both calculations 

suffer from the need of very high dislocation densities (> 

10 -10 cm" ) for a substantial effect, which is excessive in view of 

the dislocation densities found generally in undeformed samples (see ch. 

2, and Gugan 1982). 

Around 4 K, phonon-impurity scattering may start governing λ*. This 

can explain the discrepancy between the dilute alloy results (Amundsen 

and Salter 1981, Archibald et al. 1967) and the high field data for po

tassium. However, the effect of impurities is not always very clear: in 

A1(AG) alloys they may even increase \& (Amundsen and Verbeek 1976). 
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4. Linear magnetoreaistance 

4.1 Introduction 

When a magnetic field із applied to a sample carrying a current, its 

resistance will increase because, most simply said, the electrons, de

flected from their straight path by the Lorentz force, have to travel 

longer distances. The most quoted semiclassical calculation, which was 

carried out by Lifshitz et al. (1957, often referred to as LAK theory) 

predicts that this increase will saturate in the high field limit 

(ω τ>>1 , i.e. for most pure metals saturation must be reached below 1 

T). The situation is different for compensated metals (i.e. metals with 

equal numbers of holes and electrons) which show a В dependence. The 

LAK theory predicts also a more involved behaviour if the Fermi surface 

is multiply connected in such a way, that the electrons can move along 

open orbits in momentum space. The noble metals, which do show open or

bits, are hence no longer considered simple in this chapter. They show a 

2 

magnetoresiativity ŒB up to the highest fields along certain direc

tions. Nevertheless, in polycrystalline samples open orbit directions 

are wildly distributed with the result that on the average a linear mag-

netoresistance is measured (see e.g. Martin et al. 1977). 

Whatever method, sample shape, purity or dislocation density was 

used, experiments have always shown a linearly increasing magnetoresis-

tance (LMR) in the high field limit (see fig. 4.1) in simple and other 

metals. Only in some cases, notably in aluminium at В > 5 T, deviations 

occur which are thought to arise from magnetic breakdown, a tunneling 

phenomenon due to deformation of the Fermi surface by the magnetic field 

which enables electrons to follow open orbits (see e.g. Delaney 1974). 

Experimental procedures used are mostly four-terminal DC resistance 
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fig, й.1: Reeietivity as a function of field at 4.2 К for four potaeeium 

eamplee (Taub et al. 1971). At low fields, the reeietivity inareaees 

with В according to LAK-theory, which prediate eaturation at high 

fields where ω
β
τ = *g-'t»J. The linear behaviour in this region is typi

cal up to the highest fields. The slope of this part, normalised to the 

Hall conetant, is called the Kohier slope S and has been studied for 

many years as a function of several parameters. 

measurements and the induced torque method (see e.g. Douglas and Datars 

1974)1 but there exist others, e.g. various methods based on helicons 

(Delaney 1974). The latter author studied the magnetoresistance of an 

aluminium sphere by three different inductive methods and found LMR in 

each case. One has to conclude therefore that LMR is not an artifact of 

an experimental arrangement, but a very general phenomenon. Only in 

compensated metals, the field dependence has been found to be В 

(Fletcher 1977, expts. on Cd, V and Pb). 
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A common measure of the field dependence in the high-B limit is the 

dimensionless Kohier slope: 

5 = ¿p = Ap 
ρΔ(ω

0
τ) Η

Η
ΔΒ 

where Ru is the Hall constant and Δ'з mean differences between high 

field values. In general, S varies widely with experimental method, 

temperature, sample orientation (if it is a single crystal), purity, 

dislocation density, shape and surface roughness. General trends are: S 

is much larger for transverse than for longitudinal magnetoresistancej 

it increases with temperature and dislocation density, but often de-

-3 -1 
creases with impurity content. S is mostly of the order of 10 - 10 

Also in the thermal resistivity, the high field behaviour is linear, 

but here the linearity region has also an upper limit caused by the lat

tice thermal conductivity (see ch. 3, and references there). There is 

no direct correspondence between the electrical and thermal Kohier 

slopes. 

4.2 Explanations of linear magnetoresistance 

An impressive number of theories have been proposed to explain data 

which is still not understood. A few of these will be mentioned. They 

can be divided into intrinsic and extrinsic theories, i.e. theories 

which depend only on the bulk properties of the material and those which 

depend on sample dependent factors. 

Among the intrinsic theories are those that consider magnetic break

down as the underlying mechanism. In a magnetic field a redistribution 

of the electrons on the Fermi surface due to te extra constraint that 

their orbits must satisfy Landau quantisation takes place. This reshapes 

the Fermi surface into a set of coaxial rings which coincide with the 

zero field Fermi surface approximately, but not completely. Therefore, 

at high fields open orbits may exist which are not present at zero 

field. When Fermi surface sheets in adjacent Brillouin zones are close 

to each other but not touching, tunneling may become possible which pro-
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vides an opportunity for part of the electrons to follow open orbits. 

This provides a smooth transition from the no-open-orbits to the open-

orbit regime. 

Open orbits caused by a deformation of the Permis surface of the al

kali metals by a charge density wave ground state have been proposed by 

Reitz and Overhauser (1968) to explain linear magnetoresistance in po

tassium. 

Also intrinsic is a theory based on anisotropic static fluctuations 

in the electron gas ground state due to electron-electron or electron-

phonon interactions (Falicov and Smith 1972). Intrinsic theories are 

discredited however by the important dependence of S on external factors 

mentioned above. 

Of the extrinsic causes, field inhomogeneity is usually easily dis

carded by well-controlled experimental conditions. The question of 

dislocations is more difficult: Jones (1969) measured the LMR of Na and 

К samples and found that S decreased upon stretching them; on the other 

hand, Penz and Bowers (1968), measuring the LMR of К by a helicon tech

nique, saw S increasing upon straining the samples. Bruls (unpublished) 

found no significant difference in LMR between samples with many crys

tallite boundaries (which can be regarded as dislocation arrays) and the 

same samples after annealing. Van Gelder (l978a,b) was able to show 

that electron scattering from bound states at a dislocation would pro

duce LMR. Yet, this calculation is hard to test quantitatively, if the 

effect will ever prove important. 

The effect of impurities on the magnetoresistance is studied by vari

ous workers (e.g. Mertig and Mrosan 1982, Mahan 1983). The latter shows 

that the different asymmetry of electron-phonou and electron-impurity 

scattering in a field can cause a LMR. The size of S will be strongly 

dependent on the share of the phonons in the total scattering. Quantita

tive results are still lacking. More absolute predictions are made by 

theories considering macroscopic voids or inclusions (Herring 1960, 

Stroud and Pan 1976, Sampsell and Garland 1976, Esposito et al.1979 for 

the thermal case). These have been tested successfully, also quantita

tively, by Beers et al. 1978a,b. These authors measured the LMR of indi

um wires with varying numbers of voids or glass rods embedded in the 
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samples. The Kohler slopes were approximately proportional to the number 

of voids or rods, and were much smaller for longitudinal than for 

transverse fields, as usual. Poorly conducting inclusions should have a 

similar effect. Such a theory cannot be generalised to the limit of 

small inhomogeneities (e.g. point defects, impurities) to give any ob

servable effect (Landauer 1978). 

The sample shape has been predicted to have an important influence on 

the high field magnetoresistivity for the induced torque experiment by 

Lass (197O). It was obvious to apply this theory also to the four-point 

geometry. Two facts support such an approach: first, the Kohier slope 

has been observed to vary considerably in samples of the same material 

and purity at the same temperature. Second, Hall voltages are very 

geometry dependent; the importance of Hall voltages for magnetoresis

tivity has been well-known for a long time, e.g. by the fact that in 

compensated metals, where no Hall voltages occur, the magnetoresistivity 

is found to show a different field dependence. Furthermore, Bruis et 

al. (1981 ) find that for samples like those in fig. 4-2, the magne-

toresistance of each segment is remarkably different, and that, in the 

case of the wedge, the data taken on one side of the sample differ enor

mously from those taken on two opposite contacts (fig. 4·3)· The rela

tion between Hall voltages and linear magnetoresistance is therefore an 

obvious field to explore. This has been done by the same authors (Bruls 

1981,1984) by writing down the high field transport equation (Lifshitz 

et al. 1957): 

Й = p(J + ¡Ϊχ3) 

where ρ = -¿-В. Under the condition ν"J = 0, one can solve this equation 

by averaging over the sample's direction parallel to the field and mak

ing a transformation of the other components into the complex plane. 

The solutions show in a straightforward way that if the sample cross 

section is not constant, the Hall voltages on both sides of the sample 

behave differently, and that the voltage difference between two probes 

is, in the high field limit, linear in the field. The solutions demon

strate that large current distortions in the direction perpendicular to 
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Fig. 4.2: Aluminium eample used by В иів et dl. (1979) ehoüing potential 

contacte ση both sides of the eample between regions where different 

kinds of variations in the eample dimension parallel to the field are 

machined. There is one flat region for reference. 

P/Ps ; 1 

pyps 0 

1 2 3 4 5 
SIT) 

Fig. 4.3: Reeietivity ae a function of field as measured ση two opposite 

pairs of contacts comprising the wedge-ehaped region of the sample shown 

in fig. 4.2. According to their interpretation the large differences are 

due to differences in Hall voltage. 
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current and field take place. The experiments Ъу Bruis et al. are in 

complete quantitative agreement with exact solutions so obtained for a 

rectangular groove, a rectangular projection and a wedge-shaped part of 

the sample. 

The Bruls model gives much larger effects than would be obtained if 

the above mentioned void theories were generalised to 'half voids' on 

the surface. Van Gelder (unpublished) has shown that both types of 

theory are inconsistent for finite width samples; the generalisation 

fails since the void models imply averaging along the length of the 

voids, rather than over the field direction. Measurements on samples 

like those in fig. 5.2 with different widths have shown Kohier slopes 

increasing with the width, in agreement with the Bruls model. An intri

guing implication of the model is that the number of cross section 

changes is far more important for the Kohier slope than the length 

between changes: three grooves of width 0.1 mm and distance 0.1 mm have 

a larger effect than one groove of equal depth and a width of 0.3 mm. 

This explains why surface roughness has been observed to be an important 

parameter. A separate measurement of the thermal magnetoconductivity of 

a sample like that in fig. 5·2 has also been performed and has shown 

that the same model applies here. 

Summarising, it is found that only models dealing with macroscopic 

geometrical aspects of the samples have been reasonably successful so 

far in explaining quantitatively much of the observed LMR. The additivi-

ty of these models is still a topic of discussion, but likely to hold in 

samples with not too exotic geometrical parameters. In view of these 

results, much of the old LMR data should be reexamined critically. 

79 



5· Charge density waves in the alkali metala 

Much work has been spent both theoretically and experimentally during 

the past decade on investigating the possible occurrence in the alkali 

metals of charge density waves (CDW). A metal sample containing a CDW 

is expected to show fundamental differences with respect to 'normal' me

tals, in which the electron density is uniform. From the time CDW were 

proposed by Overhauser (1968), this alternative theory was often claimed 

to give a better description of the unexplained outcome of several ex

periments than the simple nearly-free-electron models that are usually 

applied to the alkali metals. In many cases, refinements of the 'clas

sical' theories have afterwards been able to account for these previous

ly unexplained data, but still there are a few experiments for which 

this has not happened, and the results of which can not be ascribed to 

experimental difficulties. Therefore, we briefly describe the basic 

ideas and the impact CDW should have on various properties, and we men

tion a number of performed and proposed experiments which were or are 

claimed to be indicative of CDW. 

The CDW theory postulates a lower symmetry than the body centered cu

bic structure of the alkali's. A lower symmetry causes extra Brillouin 

zone boundaries to show up in momentum space. These (nearly) cut the 

Fermi surface and thus make it deviate essentially from a spherical one 

which is characteristic for the alkali's. One other theory of this kind 

has been proposed: a band structure calculation for lithium by 0'Keefe 

and Goddard (1969) in which a simple cubic structure was assumed, ar

rived at the conclusion that the Orbitals on both atoms per (thus de

fined) unit cell were not equivalent, a sort of three dimensional com-
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mensurable зріп density wave. As a consequence, the Fermi surface be

came multiply connected and gave rise to open orbits, and the electron 

excitation spectrum showed a gap, in the same way as will be described 

for a CDW structure. This calculation is now considered worng, however. 

According to С Ш theory (see Overhauser 1978 for a review), the elec

tron density in an alkali metal is modulated unidirectionally: 

p(r) = p
0
(l + ρ 003($·Γ+φ)) 

where ρ is a modulation depth (of the order of tens of percents), ζ is 

the characteristic vector of the CDW, and φ is an arbitrary phase term. 

The lattice then deforms sinusoidally in order to maintain overall 

charge neutrality. The new periodicity imposed by Q has a wavelength ¿ ί 

of the order of three times the lattice constant but incommensurable to 

it. This causes two new Bragg planes to arise in the first Brillouin 

zone, almost touching the Fermi surface. The regions of the Fermi sur

face closest to these planes then protrude to touch them (Fig. 5·1) be

cause of the interaction with the lattice (cf. the rounding of the F.S. 

at Bragg planes in polyvalent metals). At the same time, a gap shows up 

in the band structure about the Fermi level (Fig. 5-1 ) which causes the 

energy for electrons close to the new Bragg planes to decrease. The to

tal energy of the electron system was shown by Overhauser to be lower in 

this situation than in the absence of a CDW because of exchange and 

correlation effects. The existence of open orbits parallel to 5 is 

caused by the connection to the adjacent Brillouin zone provided by the 

new necks. There exist 48 preferred directions for ζ, about 4° away 

from [l10]-directions (Giuliani and Overhauser 1979). 

An important implication of the lattice deformation is the occurrence 

of excitations of such a structure in which the phase φ varies 

sinusoidally in time and space. These excitations are called phasons and 

can be described by the superposition of two coherent phonons, but 

behave differently as far as their dispersion relation is concerned. 

They are thought to be an independent source of electron scattering, of 

specific heat terms, etc. 
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Fig. 5.1: bottom: The Fermi euvfaae of an alkali metal dietorted (in 

reality about 1%) by the presence of a charge density wave, which causee 

the extra Bragg planee (dashed) to appear at a distance Q/2 from the 

origin in momentum space. Open orbits are possible via the necks P. 

top: Band structure of such a metal: the extra Bragg planes (dashed) 

produce an energy gap in which the original Fermi energy lies, resulting 

in a decrease of the total energy of the electron system. 

A general sample will not розз зз one global í-vector, but will be 

divided, according to theory, into many domains with different ζ, even 

if the sample із a single crystal. Several of the CDW properties that 

will be mentioned are insensitive to this disorder, but the detection of 

open orbit effects requires that the domains be much larger than the 

electron mean free path. Any experiments concerned with the latter that 

fail to give clear evidence of these open orbits must be suspected of 

having too small domains. One way out follows from an argument by 

Boriack (1980) who calculates the magnetic field susceptibility of a CDW 

and concludes that cooling samples in a large magnetic field (several T) 
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will eventually direct all Q' 3, thus providing a method to obtain 

single-q-doraain затріез. 

In a few experiments, little oil drops on the sample surface have 

been observed to change the samples properties. It has been suggested 

often that the strain which the sample undergoes because of differences 

in contraction at cooling down causes an alignment of the q-vectors. 

CDW have been invoked to explain several experimental problems: 

a) Mayer and El Haby (1963) measured the optical absorption of К at 

20 С and found an unexpected gap. This gap was tentatively identified by 

Overhauser with the gap in the CDW band structure. Later on however, it 

was proved that only a potassium sample covered with a thin KOH layer 

would produce auch a gap (Overhauser and Butler 1976, Taut 1982). The 

interpretation of the gap аз a bulk property has proved to be in error. 

b) Penz (1968) found in potassium a decreasing Hall constant at high 

fields to a few percent below the free electron value, which is consid

erable. This decrease could be attributed to open orbits arising from a 

CDW state. New experiments by Chiraenti and Maxfield (1973) gave oppo

site results, however, but their anomalous high values were also unex

pected from classical theories. Other more recent measurements have 

given values closer to the free elctron value: for a review of these, 

see Fletcher (1977). 

c) Linear magnetoresistance, which was frequently observed in both 

the alkali and simple polyvalent metals (Ch. 4), has been tentatively 

ascribed to magnetic breakdown. Such a process is very unlikely in me

tals with a Fermi surface which does not come close to the Brillouin 

zone boundaries. Reitz and Overhauser (1968) argued that a CDW structure 

would provide the necessary distortions of the Fermi surface to allow 

magnetic breakdown to occur also in the alkalis. This theory predicts a 

large anisotropy in the LMR, which was often reported from experiments. 

\ 1 S 

d) The term proportional to τ found in electrical resistivity 

measurements by Rowlands et al. (1978) was tentatively ascribed to 
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electron-phaaon scattering (Bishop and Overhauser 1979i 1981). It was 

shown in section 2.3 of this paper that there is no reason any more to 

consider this term as a real bulk property of potassium. 

e) When fitting experimental data on the very low temperature specif

ic heat of rubidium (Lien and Phillips 1964) to the expected terms 

(Giuliani and Overhauser 1980), a small peak centered around about 1 К 

remained; this peak could be compared well with the calculated specific 

heat of phasons. A calculation by Taylor et al. (1981) for Rb, К and Cs 

showed however that the measured temperature dependence could be repro

duced without assuming a phason contribution, and even that in Lien and 

Phillips' data on К and Cs such a peak was absent if experimental errors 

were considered. Measurements by Martin (l970) on Rb and Cs rendered no 

anomalous peak at all. Amarasekara and Keesom (1981,1982a) did the ex

periment on potassium several times taking great care to keep errors 

small, and did conclude that an anomaly was present. They were able to 

defend their conclusions against criticism focussing on the observation 

that a similar anomaly could be found in the copper reference sample 

(Phillips 1982, MacDonald and Taylor 1982, Amarasekara and Keesom 

1982b). Since the experimental uncertainties are almost as large as the 

postulated peaks in all experiments, the situation remains very obscure. 

f) Since a CDW structure is associated with a multiply connected Fer

mi surface, electron-phonon Umklapp processes will not require the 

minimum phonon momentum which causes the exponential form of p
0
 _ in the 

e-p 

alkali's. The С Ш situation was shown by Sharma (1980) to lead to Devi

ations from Matthiessen's Rule for this reason. Clearly, this predic

tion will have to be tested rigorously by theoretical refinement and ex

periment in order to survive comparison with the other DMR sources men

tioned in section 2.2. 

g) The induced torque method is a probeless method to measure the 

magnetoresistance of a sample: a spherical single crystal sample is ro

tated slowly in a magnetic field perpendicular to the rotation axis and 

the torque needed to rotate the sample, related to the magnetoresis-
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tance, із measured. Рог spherical samples with perfect cubic symmetry, 

no variation аз a function of angle should be seen. At high fields, 

Schaefer and Marcus (1971) measured instead of this a very high fourfold 

anisotropy for many potassium samples, the amplitude of the variation 

being dependent on the orientation of the sample. This was explained by 

Overhauser (1971 a) by means of C M , but also by Lass (1972,1976) by as

suming that the samples deviated from ideal sphericity. Recent data from 

low field measurements by Elliott and Datars (1983) using a modified 

measuring technique show this anisotropy (but at the lowest fields a 

twofold anisotropy); qualitatively their results can be explained by 

Lass' theory, not by CDW, but the unsphericity needed is much larger 

than they assume for their samples. 

New induced torque measurements at higher fields (the critical region 

appears to start above 5T) have been performed by Coulter and Datars 

(1980) showing a much richer structure than the relatively smooth 

fourfold-anisotropic curves at lower fields (see fig. 5.2). At many an

gles, sharp peaks start rising quickly at about 5T. Between 1.1 and 1.9 

K, many of the peaks show a temperature dependence, sometimes with hys

teresis (Coulter and Datars 1982). The obvious identification of these 

peaks with open orbit directions (Overhauser 1982) is somewhat hampered 

by the difficulty of predicting the exact directions of this wealth of 

sharp maxima, as well as of the T-dependence. The general structure is 

well accounted for, however (Huberman and Overhauser 1981). Furthermore, 

the high field structure is far less sample dependent than the fourfold 

anisotropy which is always present. This indicates that even if the 

latter is not caused by CDW, these are still the best candidate for pro

ducing the sharp structure. 

Several experiments have been or could obviously be proposed for giv

ing more conclusive evidence of a CDW structure: 

h) Deviations from sphericity of the Feirai surface are easily studied 

by the De Haas-Van Alphen effect. As we mentioned in Ch. 1 , such experi

ments on potassium gave evidence of a Fermi surface which is spherical 

to within 0.15Í (Templeton 1981), although Overhauser predicts a li de-

85 



^90 -60 -30 0 30 60 90 
Magnetic field direction (deg) 

Fig· 5.2: Angular dependenoe of the induced tovque of potaeeium at a 

number of field etrengths (Coulter and Datare 1980). The fourfold an-

isotropy dominating at the lower fields ie a oorrmon feature, but the 

spikes at high fields have only been observed in potassium and are 

strongly temperature dependent. They are tentatively ascribed to open 

orbits, (a): sample grown in oil; (b): sample grown in a mold. The in

set shows that the field dependence in a peak is close (not equal) to 

Β , and different between peaks. 
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viation close to the extra Bragg planea (Fig. 5.1 )· O'Shea and Spring-

ford (1981) measured both the DHVA-effect and helicon resonance on the 

same samples and came to the same conclusion as Templeton and others 

concerning the De Haas-Van Alphen effect; the helicon resonance data did 

not show cubic symmetry which means that the magnetoresistance was an

isotropic. Since their samples were allegedly not perfectly spherical, 

the geometrical mechanism described in Ch. 4 may account for this. 

One strong point in favour of a CDW Fermi surface is the resemblance 

of the very strongly curved regions near the Bragg planes to those in 

the polyvalent metals, where electron-phonon scattering is much more in

tense than on the spherical part of the surface. This reduces the 

chance of observing electrons passing through the vicinity of such a 

neck by DHVA-signals. Assuming that the samples consist of a large 

number of ij-domains, the majority of the signal picked up in a specific 

direction will be determined by the electrons in domains where this 

direction corresponds to a circular orbit. Therefore, DHVA-experiments 

can only be conclusive when one can argue that the samples must defin

itely be single-domain samples, providing there is any CDW. 

i) A CDW-structure would produce a special type of l/f-noise, called 

'magneto-flicker noise' (Overhauser 1974). Hockett and Lazarus (1974) 

sought for this between 10 Hz and 10 KHz but could not detect such a 

noise, even though their sensitivity was sufficient to detect a contri

bution with a factor 1000 less intensity than predicted. 

j) The periodic lattice deformation which accompanies a CDW should be 

observable in neutron diffraction experiments, a well-known means of 

structure determination, via satellite peaks (Overhauser 1971b). Werner 

et al. (i 980) did the experiment but saw nothing, whereupon Giuliani and 

Overhauser (1981) argued that a higher sensitivity is needed to observe 

the effect. 

k) In a single-domain crystal, the residual resistivity should show a 

large anisotropy. The amplitude of this was first calculated by Bishop 

and Overhauser (1977,1978) as about 4 to 1 . They found evidence in ex-
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trapolating the induced torque data of Holroyd and Datars to zero field. 

New calculations Ъу De Gennaro and Borchi (1982а,Ъ) reduced the maximum 

effect to a factor of about 1.5, which is difficult to observe on one 

sample in subsequent runs in view of the usual irreproducibility of the 

RRR. Only by an experiment where the residual resistivity is measured at 

the same time parallel to and perpendicular to the expected 4 (perhaps 

directed by cooling in a large field), one has a chance of finding this 

anisotropy. 

This long list of ups and downs for the CDW theory shows why a gen

eral acceptance of the theory is still far out of sight, and even becom

ing less probable. Yet, arguments against it are not yet completely 

compelling as long as most samples can be thought of as having many 

small Φ-domains, if any, and the anomalous high field induced torque 

data still have found no other explanation. The Critical Experiment has 

still to be done. We can think of the following suggestions: 

- Before any experiment, the sample must preferably be cooled in a 

strong magnetic field (at least 5 T) 

- Experiments between 1 and 2 K, and maybe in fields above 5T, have 

the largest chance of being successful according to the region where 

Coulter and Datars claim to see open orbits 

- X-ray transmission experiments under these circumstances are ex

tremely difficult, but because of the clear indication they can give of 

a periodic lattice distortion, they should be considered 

- An interesting outcome was reported by Lubzens et al. (1977), who 

measured the microwave transmission of flat copper plates in a high DC 

field. Rotating the field with respect to the sample, they found very 

sharp peaks which they could ascribe to the open orbits that are well 

known to exist in copper. Such an experiment on potassium may be feasi

ble. 

- Magnetoresistance experiments on single crystals which can be ro

tated in a strong magnetic field should show a smooth small magne-

toresistance as a function of orientation (Ch. 4), but if open orbits 

exist, superposed on this will be sharp peaks where the magnetoresis-

tance becomes quadratic as a function of the field. Such experiments are 
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being undertaken at present. Also thermal magnetoreaiatance experiments 

should show such an effect (Huberman and Overhauaer 1982), but this kind 

of meaaurement ia probably much more difficult. 

- Also, theorists are challenged to find alternative explanations of 

the high field torque data. 
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6. Conclusions 

The foregoing chapters have shown that a number of phenomena which 

were unknown some two decades ago have become established facts in DC 

transport in simple metals. The importance of phonon drag in the phonon 

limited electrical resistivity in the alkali metals has been esta

blished. Electron-electron scattering, both in the low temperature 

electrical resistivity and in the high temperature thermal resistivity, 

is now fully accepted. The problem of the conflicting results concern

ing the lattice thermal conductivity of potassium has been clarified. 

An outstanding accomplishment of the last 10 years is that theoretical 

predictions have got quantitatively very close to the experimentally 

found resistivity contributions for the temperature dependent scattering 

processes. However it seems more difficult to predict the residual 

resistivity components precisely. Especially the precise mechanism of 

electron-dislocation scattering is still not well understood. 

The role of interference between different scattering processes has 

been demonstrated exhaustively in the research on Deviations from 

Matthiessen's Rule. Both P
e
_

e
 and P.- are clearly affected by factors 

that were thought to be felt only in the residual resistivity. Most of 

the interference is caused by differences in relaxation time anisotropy 

in momentum space. Only phonons at high temperatures are completely 

isotropic. Even impurities show a certain variation of τ over the Fermi 

surface, which can be large in the alkali metals. Also, the extra ef

fectiveness of small angle scattering of electrons near the Brillouin 

zone boundaries in decreasing the conductivity has been proved to be im

portant. Quantitative predictions of the effect of impurities and lat

tice imperfections on the temperature dependent resistivity are now in 

agreement with experiment typically within a factor of 2. The crucial 

question remaining is whether the increase of the electron-electron in

teraction in the alkali metals is really due to dislocations. If the 
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apparent increase is caused by some other mechanism which exerts its in

fluence mainly below 0.5 K, conclusions on DMR in Pe_e must be revised 

thoroughly. Therefore, highly sensitive experiments in this temperature 

region on simple metals under a variety of conditions are urgently need

ed. 

The electron thermal conductivity profited from the same progress in 

basic understanding as the electrical conductivity, apparently leaving 

no big problems. Although the lattice thermal conductivity of the po

lyvalent metals is well-understood, in potassium something exotic seems 

to be going on: either a special class of phonons has a completely dif

ferent sensitivity to the usual scattering mechanisms, or something com

pletely novel is happening. Independent experiments on phonon tran

sport, e.g. ultrasound attenuation, are needed to verify the current 

ideas. 

Among the high field properties, the linear raagnetoresistance posed 

the largest theoretical problem during the last decades. We believe 

that the major importance of geometry (external and internal: voids and 

badly conducting inclusions) has been established. For these aspects 

quantitative agreement between theory and experiment has been attained. 

The fourfold anisotropy seen in the induced torque experiments appears 

to be explainable from geometrical sources, too. Only the spike struc

ture of induced torque data on potassium remains an exotic feature, 

which is at present the last stronghold of the charge density wave 

model. An independent experiment which provides broader evidence for 

this model is needed to prevent that it falls into oblivion. 

Our main conclusion is that the most interesting things are now going 

on far below 1 K, and maybe above 5 T: the regions where simple metals 

become much less simple. 
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PART II 

THE LATTICE THERMAL CONDUCTIVITY OF POTASSIUM 

MEASURED BY THE CORBINO METHOD 

Abstract: 

The conflicting experimental data on the low temperature lattice 

thermal conductivity of potassium necessitates an independent, very re

liable measurement. Therefore we have measured this quantity by the Cor-

bino method which offers the advantage that the thermal conductivity is 

measured directly rather than the thermal resistivity. Thus, no measure

ments of off-diagonal tensor elements are needed. Our results essential

ly confirm those reported by Stinson, Fletcher and Leavens. A turnover 

at about 4 K, which is visible in data taken by Tausch and Newrock if 

these are interpreted correctly, has also been seen. The correctness of 

our results is supported by the agreement of the electronic thermal con

ductivity term in high field with its zero field value, if the free 

electron value is adopted for the Righi-Leduc coefficient. 
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Introduction 

We report measurements of the low temperature lattice thermal conduc

tivity of potassium by the high field Corbino method. These are intend

ed to bring some clarity in the present confused situation where results 

of several experiments are in severe contradiction mutually and with 

simple theory. Our results confirm the anomalous high lattice thermal 

conductivity previously reported by Stinson et al. (l979a,b). They 

should enable a more precise identification of the most important phonon 

scattering processes below 6 K. 

In pure simple metals at low temperatures and in zero magnetic field, 

the part of the thermal conductivity that is carried by phonons, λ^, is 

usually very small in comparison with the electronic thermal conductivi

ty X
e
. Yet λ^ is of interest theoretically for the opportunity it 

offers to study phonon interactions, and experimentally because it may 

become important in high fields or in impure metals since there λ
θ
 can 

be efficiently suppressed. The main scattering mechanism that limits 

the lattice conductivity at low Τ is, according to simple models, 

phonon-electron scattering which produces a Τ -dependence. This 

behaviour has been reported experimentally for the simple metals 

aluminium (e.g. by De Lang et al. 1978 using the Corbino method) and in

dium (Van Kempen et al. 1972), and for other polyvalent metals. In these 

metals below say 6 Κ, λ
β
/λ

θ
 is of the order of 1 0 " . Potassium, the 

only one of the alkali metals which is studied extensively, has been 

considered special since a simplified calculation by Ekin (1972) result

ed in a λ^ an order of magnitude larger than in the polyvalent metals. 

The predicted behaviour, close to Τ (curve a in fig. 5), was in reason

able agreement with measurements by Archibald et al. (1967) on K(CS) al

loys (curve b). More recently, Amundsen and Salter (1981) repeated such 

measurements on K(Rb) alloys and found slightly higher values (curve c). 

Tausch and Newrock (1977) measured the thermal resistivity components 

W
x x
 and W of К in high magnetic fields. They found two effects that 

could be attributed to the phonon component of λ: a term in W quadrat-
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ie in В (see below) and a decreasing Righi-Leduc constant Ap^ at high 

fields. The order of magnitude of λ
δ
 they deduced from the former set of 

data was 15 times higher than from the latter set which was approximate

ly proportional to Τ (curves d and e, respectively). They claimed that 

the small values obtained from Ατ,τ actually represented λ" and ascribed 

most of the В -term in W to an unknown effect. One reason for this 

was the radically different temperature dependence and unexpectedly 

large magnitude of λ^ they found otherwise. Independent high field 

measurements by Stinson et al. (i 979a,b) on both 1ί
χχ
 and W did not 

give rise to such a discrepancy and confirmed the high λ^ values reject

ed by Tausch and Newrock (1977). They found an important sample depen

dence (curves f ). 

These conflicting results and interpretations made an independent 

measurement of λ^ by the high field Corbino method useful. This method 

has proved very convenient in determining λ^ of aluminium and indium. 

High field methods 

In a magnetic field В = Bz we have to consider first the thermal 

resistivity components W® = W® and W® = Aj^B in the absence of λ
δ
. 

We assume that W®
x
 shows the well-known thermal linear magnetoresis-

tance: νΓ
χχ
 = W^O+aB) where a corresponds to a thermal Kohier slope. 

(This approximation holds if λ
δ
 is neglected and at fields with ω τ>>1, 

i.e. for B>>.02 Τ in К). Vf® is assumed to be equal to the zero field 

W
e
: this is not generally true (in aluminium, it may differ a factor of 

2 or 3, and in the electrical magnetoresistivity of К some 10$), but in 

the thermal magnetoresistivity of К it appears to be a good approxima

tion (Newrock and Maxfield 1976). Then W® has two measurable terras: 

W® = -^°- + ЪТ
2
 (1 ) 

0
 V 

where the first term contains the residual resistivity via the 

Wiedemann-Franz law, and the second term is the low temperature limit of 

the thermal electron-phonon resistivity, where a normal and an umklapp 
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scattering term together produce apparently the same T-dependence аз in 

the Bloch limit (Newrock and Maxfield 1973)· Ii
0
 is the Lorenz number 

in the limit Τ •* 0. A
R
T has the free-electron value (L

0
Tne) . Devia

tions from this idealised value are small below б К (Fletcher and Fried

man 1973)· We can invert the W
e
 tensor to obtain λ

θ
, and add the diago

nal tensor \& to obtain the total thermal conductivity. The important 

components are: 

w£(l+aB) s 

* "
 =
 ^

y = (W^(l+aB))
¿ + ( A R L B )

¿ + 

s W^(l+aB)(ARLB)-
2 + \g (2) 

" ARL B = ( 1 
^ * " ^ = (W«(1+aB))^ +(A R I )B)

y = " U « b B ) 

The approximations that have been made are valid in high fields, whenev

er а ®<<А
Н
т· Our results justify this approximation at low tempera

tures. 

Inversion of the above equations gives the measured components of the 

thermal resistivity W. They can be expressed as follows, making some ap

proximations and substitutions: 

W
xx

 =
 Wyy SW«(l

+
aB)

 +
X S ( A

R L
B )

2 

V "xy 

The last form is derived by Fletcher (1974). Obviously, \ s
 can be ob-
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tained from either of these tensor elements if the electronic parts are 

well known. It is safer, however, to measure both and perform a tensor 

inversion to obtain \χχ, of which the high field limit represents λ
8
. 

This is the way chosen by Stinson et al. (I979a,b). 

/^А 

• ^ -

ЛТ 
Э\ | 

Fig. 1: Thermal ouvrent components and temperature gradients in the rec

tangular geometry (left) and Corbino geometry (right). In order to make 

comparieon easier, the radial direction is called 'x' and the tangential 

direction 'y' in the Corbino picture. The magnetic field ie perpendicu

lar to the ватріе plane. 

Whereas in the usual rectangular geometry ¥
χ χ
 and W

x
 are measured, 

the Corbino method gives λ ^ directly. This is demonstrated in fig. 1: 

the rectangular geometry forces the transverse heat current J to zero, 

so that using VT = VÎ makes both VTKX and VTX non-zero, and the ¥ com

ponents are found. In the Corbino method, the transverse temperature 

gradient is zero for symmetry reasons, but a transverse heat current can 

flow. Then, J " ̂ ?VT shows that the quotient of Jxx and VT X X represents 

unambiguously λ^ . An extra advantage of this method is the implicit 

large В term which governs the electronic part of the measured thermal 

raagnetoresistance λ^
χ
. The rectangular method has only а В terra so that 

the suppression of W
e
 is slower. 
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Fig. 2: The sample holder· (ouv new geometry). K: sample. The other sym

bols are explained in the text. 

Fig. 3: Geometry of our old sample holder. The aopper ring (dotted) was 

present in samples Kl and K2, but absent in K4. The thermal sourae and 

sink contaats are placed opposite to the temperature sensor rings. 
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Experimental details 

Our sample holder is shown schematically in fig. 2. It can be de

tached from the insert to mount the samples in a glove box. A valve on 

top of it is closed before carrying it from the glove box to the insert 

and can be opened from the top of the insert by a rod ending in a hexag

onal screwdriver. By means of this rod, the valve is opened when the top 

part of the insert has been evacuated, 30 that the helium can be pumped 

out of the sample holder. The insert is mounted in a bath cryostat con

taining a 9.5 Τ superconducting magnet. 

Our samples have been made from 99-95? nominal purity potassium from 

Highways Int. or from 99.97? purity potassium obtained from Koch and 

Light Labs. Usually, we find no systematic difference in the RRR of 

electrical conductivity samples made from both stocks. We used three 

different production kinds of samples (fig. 3): Samples K1 and K2 were 

cold formed in a mold which was slightly covered with dry paraffin; they 

contained gold plated copper rings to provide enough stiffness during 

mounting, and intended to improve thermal contact. The contact geometry 

was the same as used by De Lang et al. (1973) for Al and by Van Kempen 

et al. (1972) for In. Sample K4 was made without such rings. Samples K5 

and Кб were made by extruding a 1 .2 mm thick ribbon from a stainless 

steel press. The samples were then cut into the right shape by the sam

ple holder itself during mounting. They have not been in touch with 

paraffin. 

The reason for adopting a new geometry lies in the end effects: the 

sensor contacts are now far enough from the heat source and sink for the 

geometrical factor to be known exactly. This factor contains the radii 

of the inner and outer sensor rings: g » 2itd(ln г /r.)~ . These radii 

are hard to determine unambiguously in the old geometry. We carried out 

a calculation of an effective geometrical factor for that case and used 

those values (Table 1). Since the sample thickness was also known to a 

much higher precision in the new situation, the geometrical factor of Кб 

is much more precise than those of K1 , K2 and K4. (Sample K5 was found 

to show an indentation in the outer edge which obscures its g somewhat; 

it should have been the same as for Кб). The new way of producing and 
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mounting samples was also far more error-proof and made coating with 

paraffin superfluous. The Kel-F supports which are used in the new sam

ple holder have a thermal conductivity <<λ^ according to test measure

ments without a sample. An unbeatable superleak in the new sample hold

er made data taken below 2.2 К uninterpretable. Therefore, of K5 only 

two significant points remain. 

The sample holder contains two heaters (H1 and H2 in fig. 2). H1 

puts virtually all of its heat through the sample. The current through 

it and the voltage across it are accurately measured with 5 digit DVM's. 

H2 serves as a temperature stabiliser that is controlled by the capaci

tance sensor via a servo system. At zero field, the capacitor С is 

calibrated by means of germanium standard 'Ge' (CryoCal, factory cali

brated). С is a SrTiO-i capacitor (CS-400) from Lake Shore Cryogenics, 

assumed to have a field independent capacitance. It is read by means of 

a General Radio 1615-A bridge powered by a crystal oscillator and read 

out by a two phase lock-in amplifier. A Linear Research LR-130 tempera

ture controller with additional electronics feeds H2, so that the sample 

will take the temperature corresponding to the setting of the capaci

tance bridge. When the field is on, Allen-Bradley resistors AB1 and AB2 

are calibrated versus C. At non-zero heat input the temperature differ

ence is read from them. 

Results 

We obtained data between 1.6 and 5·5 К, at fields up to 9 T. Usual

ly, the data scatter above 6 Τ was such that only data below 6 Τ were 

useful. Higher field data are never in contradiction with the fits if a 

reasonable error (found from the reproducibility) is assigned to them. 

The В dependence of the measured λ is found from (2) to be: 

To this formula our experimental λ^ (Β,Τ) can be fitted to obtain λ
β
, "Ky 

and a. In fact, it was possible to use a temperature independent α for 

each sample without loss of fit quality. This is given in table 1. The 
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Table 1 : Sample -propertiea 

sample g 

mm 

e r r o r α 

in g 10 
о 

- 1 1 , 

RRR 

10"5cm/W 1 0 1 0 c m " 2 

K1 

K2 

K4 

K5 

K6 

4.1 

5.5 

5.5 

5.8 

5.8 

20% 

20% 

20% 

5% 

5% 

0.10 

0.25 

0.12 

1.3 

0.25 

1.55 

1.42 

2.52 

1.9 

1.65 

3850 

4300 

2500 

3150 

3650 

2.6 

1 .9 

2.6 

2.2 

2.1 

0.4 

0.4 

0.6 

0.5 

0.4 

X(mW/cmK) 

7 0 0 -

6 0 0 -

500-

A00-

3 0 0 -

200 

100-

Fig. 4: \ ae a funation 1/Βύ at a number of tempemturee (K6). The de-

іаііопв from linearity oaueed. by putting a to 0 are hardly visible on 

thie веаіе.
 10

α 



relatively high α of K5 can be explained from the indentation which par

tially destroys the СогЪіпо geometry. Much of the data is reasonably 

compatible with OFO (fig· 4), but then the standard deviation is signi

ficantly higher. The resulting λ
8
's are in fig. 5, and the electronic 

component λρ is shown in fig. 6. According to (l), the temperature 

dependence of λ
β
 should result in a straight line when λ-Τ =

 W
o*RL^ ^

3 

plotted as a function of Tr. This is done in fig. 7. The estimated er

rors arise for samples fC1 , K2 and K4 mainly from the uncertainty in the 

geometrical factor: these are systematic errors of the order of 10?. The 

relative errors from other sources are of the order of 2% for all sam

ples, so we can conclude that the temperature dependences are certain 

within such a margin. 

Discussion 

Leaving the most important for the last, we see that \ e
 behaves ac

cording to (1 ) if the free-electron model value for Адт is assumed. It 

was found by Fletcher and Friedman (1973) and calculated by Sugihara 

(l980) that deviations from this value are in the order of a percent at 

Τ < б К, negligible with regard to our uncertainties. The electron-

phonon term confirms the expected absence of phonon drag in the thermal 

resistivity since it behaves according to the Bloch lirait prediction. 

The magnitude of this term, expressed by b in table 1 , fits into the 

data obtained by Newrock and Maxfield (1973) for W
8
 in zero field. 

The residual scattering term, translated via the Vfiedemann-Franz law 

into residual resistivities, shows that the RRR's (table l) are in the 

range that we usually find for electrical resistivity samples from the 

same source. Therefore, dislocations can not be present in anomalously 

large densities: according to the value of Рл/пл given by Brown (1977), 

maximum dislocation densities of 6x10 cm can be present (table l), 

i.e. if the full residual resistivity is attributed to dislocations. In 

another experiment (Van Vucht et al. 1982, 1984) it was found that the 

dislocation part of the residual resistivity is in the order of 30% for 

unstrained samples; this lowers the expected values of n^. 
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λ 9 (mW/cmК) 

160 

НО 

120 

100 

О 

60 

АО 

20 

2 3 4 5 Т(К) 

Fig. S: λ̂  αβ α funotion of Τ for OUT ватріев (symbole) and other exper

imente (curvee); the symbole are explained in the text. Note that the 

large geometrical uncertainty of the samples Kl, K2 and K4 makes the ap

parent coincidence with two samples of Stinson et al. merely fortui

tous. 

The consistency thus found in λ
β
 strengthens our opinion that the 

measurements are reliable. Therefore we conclude that fig. 5 (curves f 

and g and our data) represents the real lattice thermal conductivity, at 

111 

1 I I L 



least of pure potassium. These data show a linear region from about 2 

to 3.5 K, maybe preceded by a Τ -region below 2 К (the data is not accu

rate enough to test this) and followed by a slow tum down at higher 

temperatures. The discrepancy between these data and the alloy experi

ments can easily be ascribed to excessive phonon-impurity scattering. 

Then, all high field data are in mutual agreement if we consider the 

data taken by Tausch and Newrock (1977) to be wrongly interpreted by 

those authors, i.e. we believe their curve f to give the real λ^. In 

particular, the turnover at about 4 К is confirmed by our results. In 

explaining the exotic temperature dependence of λ*, we follow Stinson et 

al. (l979a,b) in ascribing the extraordinary magnitude to a group of low 

energy phonons close to symmetry directions in momentum space, which ex

perience a far smaller phonon-electron interaction than the majority of 

phonons (see Albers et al. 1976). Such a phonon class was not con

sidered in the simple calculation by Ekin (1972). The turnover at 4 К is 

probably due to phonon-impurity scattering. We don't agree with the 

claim made by Stinson et al. that the sample dependence of λ° will be 

mainly caused by phonon-dislocation scattering, since the dislocation 

densities needed in their calculation to produce the measured differ

ences are unlikely to be present in view of the commonly accepted order 

of magnitude of Рд/пд (see above and Gugan 1982). The influence of 

grain boundaries, where the privileged class of phonons experience a 

mismatch and thus see their mean free path limited, may be considerably 

larger. 

Alternative explanations for the anomalously high λ
β
 values are hard 

to find. For the sake of completeness, we should mention that a charge 

density wave state in К (Overhauaer 1978) produces two entities that 

might escape from the classical picture: phasons (linear combinations of 

coherent phonons) and open orbits for the electrons. For phasons, it is 

not clear whether they should possess the same lifetimes as the normal 

phonons they are composed of. The effect of open orbits in the Corbino 

geometry has not yet been calculated, but they might enable electrons 

even at the highest fields to find their way from the center to the per

imeter of the sample, thus producing another term which remains after 

extrapolating to infinite field. Such a possibility is hard to test 
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Fig. 6: Xg αβ a funotion of Τ fот ouv aamplee-

directly. However, in the electrical сазе there should he an effect on 

the high field Hall constant. The situation regarding these questions, 

reviewed by Fletcher (1982), appears to be negative. 

Summarising, we think that the problem of the lattice thermal conduc

tivity of potassium has been partly solved since our straightforward in

terpretable data appear to confirm essentially the other high field 

data. A small problem is still formed by the explanation of the exotic 

temperature dependence and sample dependence of λ^. 
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Fig. 7: The eleatvonia part of the thermal aonduativity times Τ plotted 

αβ α funation of Tr во that the agreement with formula (1) is evident. 

The interseotione of the straight linee ìùith the vertical axis are re

lated to the residual resistivity, and the slopes to the eleatron-phonon 

term coefficient b. 
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PART III 

INFLUENCE OP DISLOCATIONS ON THE ELECTRON-ELECTRON AND 

ELECTRON-PHONON INTERACTIONS IN TORSIONALLY DEFORMED 

К AND K(Rb) SAMPLES 

Abatract: 

High precision electrical resistivity measurements were made on po

tassium samples, including a dilute alloy, at temperatures between 0.9 

and 4.2 K. These samples were annealed and deformed by twisting at or 

below 4.2 К in stages, in order to generate controlled amounts of dislo

cations. The enhancement of the electron-electron and electron-phonon 

terms is analysed in the light of recent theories based on the anisotro-

py of electron-dislocation scattering. Difficulties in interpretation 

in connection with recent measurements below 1 К by another group are 

discussed. Some metallurgical aspects are mentioned. 
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Observation of strong influence of lattice imperfections 
on the electron-electron and electron-phonon scattering 
in potassium 

R J M van Vucht, G F A van de Walle, H van Kempen and Ρ Wyder 
Research Institute for Materials, University of Nijmegen, Toernooiveld, 6525 ED Nijme

gen, The Netherlands 
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Abstract We have measured the influence of dislocations on the electron-electron and 
electron-phonon contributions to the low-temperature electrical resistivity of potassium. 
At low temperatures, we deformed the samples by torsion to introduce lattice imperfec
tions in a controlled way. We found that"the presence of dislocations enhanced the elec
tron-electron term, making it five times stronger than expected, and that also the electron-
phonon term increased by up to a (actor of two. 

Usually, the low-temperature electrical resistivity of pure metals can be described by a 
temperature-independent term, the residual resistivity p 0 , and two temperature-depen
dent terms, arising from the electron-electron (el-el) interaction, pel_c, = AT2, and 
from the electron-phonon (el-ph) interaction, which for the alkali metals has the form 
Pei-ph= BTe'*17 (Van Kempen et al 1981). The latter terms were traditionally 
expected to be independent of the sample parameters that contribute to the residual 
resistivity, as stated by Matthiessen's rule (see e.g. Bass 1972). However, in the simple 
metal potassium, strong variations from sample to sample have been found for the 
el-el term, with a coefficient A varying from 0.75 to 7.5 χ 10" 1 5 ΩιηΚ - 2 . Weaker 
variations for the el-ph term have been measured as well (Van Kempen et al 1981, 
Pratt et al 1981, Rowlands et al 1978). The drastic changes in A upon annealing that 
are reported suggest that dislocations play a major role. This has been explained as 
being due to the anisotropic nature of electron scattering by dislocations contrary to 
the isotropic scattering by point defects (Kaveh and Wiser 1980). 

In this letter we present experimental data which show unexpectedly large en
hancements of the el-el scattering coefficient A when relatively large amounts of 
anisotropic scatterers are introduced by torsional deformation at low temperatures 
(figure 1). Also the el-ph term was found to increase when the crystal was deformed. 

Our samples are extruded wires, 3 mm in diameter and about 105 mm long, made 
from 99.95% pure potassium, with residual resistivity ratios of typically 4500. The 
samples are mounted in such a way that they can contract freely; the top end is 
clamped in a block that can be rotated by means of a rod from the top of the insert. In 
this way, we can change pd, the part of p0 arising from dislocations, at low tempera
tures, without changing Pj, the part arising from impurities. The samples are annealed 
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Figure 1. Temperature-dependent part of the resistivity of potassium p{T) - p0 versus T 2 

for sample К7, measured after annealing at room temperature (K7(6) circles) and 
measured after torsional deformation over an angle of S40° at He temperature (K7(9), 
triangles) 

at room temperature in either vacuum or helium, for several days or even weeks The 
resistivity measurements, performed as described by Van Kempen et al (1981) 
obtained an accuracy of 5 PPM Temperatures were measured with a precision of better 
than 3 mK (Ribot et al 1981) After annealing and after deforming one or several 
times, p(T) was measured from 0 9 or 1 1 to 2 1 K, and in one case up to 3 95 К One 
deformed sample was annealed at 18 K, at 78 K, and at room temperature, after each 
annealing period p(T) was measured Visual inspection of the samples, after many top 
rotations over 360° back and forth, showed that the overall geometry did not change 
noticeably Local diameter variations were not observed After annealing at room 
temperature for several days, an annealed sample generally showed a residual resistivity 
close to that before its first deformation 

Deformation by torsion of nearly perfect crystals at temperatures below the 
annealing temperature of point defects is known to produce networks of dislocations 
along cubic symmetry directions (see eg Kulesko and Borzenko 1980, Chalmers 
1959) Fnedel (1964) describes a mechanism in which dislocations also produce strings 
of vacancies when climbing during deformation Gurney and Gugan (1971b) propose 
the existence of vacancy strings in deformed К samples in a model for explaining their 
annealing data It is likely that strings of vacancies, just like dislocations, act as 
anisotropic scatterers because of their one-dimensional nature 

In table 1, the characteristics of three samples, K.4, K5 and K7, are presented, as 
measured after different stages of annealing and deformation In each case, p0, A and 
В were determined by least-squares fits A value of θ = 18 9 К is taken, which best fits 
the total of our data, especially the data which were taken up to 3 95 K, where the 
el-ph interaction is dominant The exponential form of the el-ph term gave a good fit 
to our data in all cases, therefore, no corrections have been applied to this form as 
have been predicted for very high dislocation densities (Damno et al 1981) or generally 
for temperature values below 2 К (Kaveh et al 1979) 

Kaveh and Wiser (1980) have proposed an expression which relates the variations 
in A to pd and p, The essential point in their theory is the effect of anisotropic 
scatterers that tend to redistribute the electrons on the Fermi surface in an anisotropic 
way, thus enhancing the el-el interaction, isotropic scatterers have no such effect, as 
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ТаЫе 1. Sample characteristics. 

27 63 
28 59 
14 38 
15.63 
14.82 
15 63 
16.96 
18.24 
17.54 
16.17 
13.18 
13.91 
1481 
15.75 
15.76 
28.17 
36.55 
40 58 

3.1 ± 0 3 
3.6 ± 0.3 
2.7 ±0.1 
3 6 ± 0 1 
2.6 + 0.1 
2.6 ±0.1 
38 + 01 
4.2 ±0.1 
3.6 ±0.1 
3.1 ±0.1 
2 78 ±0.1 
3.35 ± 0 1 
3.75 ± 0 1 
415 ±0.1 
3.0 ± 0.3 
60 ±0.3 
7 2 ± 0 3 
8.09 ± 0 0 5 

— 
— 
43 ± 2 
53 ± 2 
45 + 2 
46 + 2 
53 ± 2 
56 + 2 
53 + 2 
51 + 2 
48 + 2 
54 + 2 
57 + 2 
60 + 2 
53 ± 2 
73 + 2 
80 + 2 
7 8 0 ± 0 5 

Sample State р0(рПт) А{(ПтК'2) Я(рПтК" 

К4 1 Annealed at RTt 3 days in He 
2 Deformed 180° 

K5 1 Annealed at RT 3 days in He 
2 Deformed 360° 
3 Annealed at RT 3 weeks in vacuum 

K7 1 Annealed at RT 3 days in He 
2 Deformed 360° clockwise 
3 Deformed 360° anticlockwise 
4 Annealed at 18 К for 10 mm 
5 Annealed at 78 К for 6 h 
6 Annealed at RT 30 h in vacuum 
7 Deformed 180° 
8 Deformed 360° 
9 Deformed 540° 

10 Annealed at RT 4 days in vacuum 
11 Deformed 10 χ 360° back and forth 
12 Deformed 30 χ 360° back and forth 
13 Deformed 60 χ 360° back and forth 

t RT = room temperature 

they scatter over large and virtually random angles. Therefore, the el-el interaction 
will be a function of the relative contributions of the two processes as characterised by 
the relative contribution of рл to p 0 . Thus, Kaveh and Wiser arrive at the expression: 

A = A0 + A,{pJPo)\ (1) 

A good determination of A^ is hampered by the lack of well-defined values for p, and 
pd, although Kaveh and Wiser give a value of X, = 3.5 χ 10" 1 5 ΩιηΚ."2 from an 
analysis of existing experimental data; Λ0, arising from Umklapp scattering, is found 
to be an order of magnitude smaller. When we associate the crystal imperfections 
introduced by torsion with dislocations, we can compare our experimental results with 
equation (1). A0, Al and the various p, and p d are determined from a least-squares fit 
of the data in table 1. We assumed that A0 and Ax were common to all data, and that 
the following groups of data would have the same p,: K4(l,2); K5(l,2); K7(l,2, 3); 
K7(6,7,8,9). The contributions of Αΰ were always found to be very small compared to 
/1,; therefore, in the final analysis, A0 was set to zero. The result of this fit is: 
i4, = 19 ± 2 χ 1 0 " 1 5 П т К " 2 . The A that are calculated from these values are 
always within 0.2 χ ΙΟ" 1 5 ΩπιΚ.~2 from the measured ones, i.e. roughly within the 
experimental errors. When Po/t1/2 is plotted versus p 0 , equation (1) predicts straight 
lines through groups of data with the same p,. Figure 2 shows that this is indeed the 
case. Also shown in figure 2 are K7(10,11,12,13) and results from Van Kempen et al 
(1981). Note that K7(10,11, 12, 13) also appear to be on a straight line, but with a 
smaller slope (broken curve); this indicates that /1, may, for high пл, depend on nd, or 
that at high torsion angles substantial amounts of isotropic scatterers are introduced. 
Also the points of Van Kempen et al (1981) are on a straight line, the chain curve 
in figure 2. The slope of the latter curve, however, corresponds approximately to the 
values of A^ given by Kaveh and Wiser (1980) and measured by Levy et al (1979). 
Contrary to our experiments, Levy et al performed their measurements under opposite 
conditions: they varied p,by bringing in impurities, while p d was assumed to be constant. 
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Figure 2. Influence of lattice imperfections on the electron-electron interaction in potas
sium p o 4 " 2 versus p0 for data from samples K.4 (full squares), K.5 (full circles), and K7 
(full triangles), and for data from reference (1) (open circles) The continuous curves rep
resent a least-squares fit to the present data The chain line is a least-square fit to the data 
of Van Kempen et al (1981) 

In this context it is worth noting that all our annealed samples lie on a line 
parallel to the chain curve mentioned above 

From table 1, one sees that there are also considerable variations in the coefficient 
В of the el ph interaction among the different measurements. As suggested by Kagan 
and Zhernov (1971) and Damno et al (1981), the el-ph interaction is influenced by 
phonon drag quenching caused by phonon-dislocation scattering In figure 3 we plot 
В versus рл pd is calculated from the measured p 0 , minus p, from the fits. There 
appears to be a clear correlation between В and pd, although a detailed quantitative 
understanding is lacking. 

To obtain some insight into the nature of the relative quantities of vacancies and 
dislocations in our deformed sample in state K7(3), we annealed the sample in 
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Figure 3. Influence of lattice imperfections on the electron-phonon interaction in potas
sium В versus pt for sample K.5 (full triangles) and K7 (open circles). 
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different stages as described above The corresponding data are denoted as K7(4,5,6) 
in table 1 and figure 2. It is believed that annealing at 18 К eliminates the point defects 
(Gurney and Gugan 1971a) but nevertheless A decreased (K7(3)) This supports the 
idea we described above, ie that vacancies are generated in strings which scatter 
electrons in an anisotropic way So, after annealing at 18 K, part of the anisotropic 
scatterers has disappeared 

In summary we measured p0, A and В of pure potassium samples with varying 
dislocation density For these data, a comparison can be made with recently proposed 
theories for the sample dependence of pel_e| and pel_ph For the el-el interaction, our 
data show the same functional dependence on pd and p, as predicted theoretically, 
however, the measured value of /4, is about a factor of five larger than hitherto 
assumed In addition, for the el-ph interaction, an important dependence of pe|_ph on 
p4 is found 

Part of this work has been supported by the Stichting voor Fundamenteel Onderzoek 
der Materie (FOM) with financial support from the Nederlandse Organisatie voor 
Zuiver Wetenschappelijk Onderzoek (ZWO) 
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Introduction 

The electrical resistivity ρ(τ) of metals has been known for over a 

century to contain two terms: a temperature independent p. which arises 

from impurities and lattice imperfections, and the 'ideal' resistivity 

caused by electron-phonon scattering which was expected, and crudely 

measured, to give a term depending on temperature, but independent of 

purity etc. This statement is known аз 'Matthiessen's Rule'. Deviations 

from it have been, and still are, a fruitful subject of both experimen

tal and theoretical study. Most of these deviations have been expected 

to arise from anisotropic scattering, but a large number of other ef

fects have been proposed too, and are reviewed by Bass (1972), Cimberle 

et al. (1974) and Bobel et al. (1976). After high precision ( ~1 ppm) 

electrical measurements on very pure samples became feasible, some im

portant developments have taken place: 

First the electron-electron scattering term in ρ(τ), • Τ , which was 

predicted by Landau and Pomeranchuk (1936) was found experimentally in 

aluminium (Garland and Bowers 1969, Ribot et al. 1979, 1981), in lithium 

(Krill 1971), in potassium (Van Kempen et al. 1976) and more recently in 

noble metals (Bergmann et al. 1980, Schroeder et al. 19Θ1). Its magni

tude has posed serious problems to explain, since the values calculated 

in the classical paper by Lawrence and Wilkins (1973) were found to be 

о 
much lower than measured in Al, and the magnitude A of the Τ -term in 

potassium was found to vary widely from sample to sample, or even from 

run to run in one sample. The Al problem appears to be solved by includ

ing the phonon mediated e-e interaction in calculations (MacDonald 

1980). The sample dependence of A
e
_

e
 in К is tentatively ascribed to 

differences in density of anisotropic scatterers like dislocations, 

causing different electron distributions on the Fermi surface, and hence 

different e-e scattering probabilities. This theory was worked out by 

Kaveh and Wiser (1980, 1932) and subsequently tested by several experi

mental groups (Levy et al. 1979, Van Vucht et al. 1982, Haerle et al. 

1983). 
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Second, the suppression of the effectiveness of normal electron-

phonon scattering for the resistivity at low temperatures by phonon drag 

was demonstrated in the alkali metals, experimentally (Van Kempen et al. 

1976) and theoretically (Kaveh and Wiser 1972, 1975). This phenomenon, 

caused by the inability of the phonons to lose their momentum gained in 

e-p scattering processes back to the electron system, leaves only the 

umklapp term of the e-p resistivity which decays with ехр(- /т). This 

behaviour has been seen earlier in the thermopower of К (MacDonald and 

Guánault 1961) where Θ was found to be about 21 K. The coefficient В of 

this exponential term has been found to be much more constant than A . 

Only in heavily deformed samples (e.g. Gugan 1971 sample K5b and Van 

Kempen et al. 1981 sample За) enhanced values have been found. Recently 

the Bar-Ilan group published two explanations of the enhancement: one 

based on an increased phonon-dislocation scattering probability which 

thermalises the phonon system (Dañino et al. 1981) and the latest start

ing from the anisotropy which is present in the electron distribution 

(in momentum space) because of e-d scattering (Dañino et al. 1982, 

1983). A mechanism similar to the latter was proposed by Engquist 

(1982). 

Our results from twisted samples make a reasonably complete set of 

data available for a quantitative check of these theories. It will be 

shown that the trends have been well predicted, but that the increase in 

Ae_e is much more sensational than was assumed. In view of recent data 

obtained at Michigan State University from squeezed К samples between 

0.1 and 1 K, where an anomaly shows up which may extend to well above 1 

К (Haerle et al. 1983), we must keep the possibility of a different in

terpretation open. 

Experimental details 

Our samples have been made from 99·95% nominal purity potassium pur

chased from Highways Int. or from 99-97$ nominal purity material from 

Koch and Light labs. The RRR's of samples made from both stocks are not 

significantly different. Sample K8 was made from potassium which had 

been molten under vacuum for 10 min. in order to remove dissolved argon 
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(under which it is stored in the ampoules). Sample K12 was made from 

pure material in which about 0.05% Hb had been dissolved. The samples 

have been extruded from a brass press in a glove box under a helium at

mosphere, containing leas then 1 ppm water vapour and oxygen. The 

length between potential contacts is about 100 mm, the distance between 

current and potential contacts about 10 mm. The diameter is 3 mm so 

that size effects are completely negligible. 

In the glove box, the samples are mounted on a sample holder as shown 

in fig. 1 . The sample is clamped in a rotatable Kel-F contact assembly 

on the top, and a similar assembly on the other end which moves freely 

in the vertical direction. The contacts consist of gold plated copper 

pieces which are pressed slightly into the samples. This sample holder 

contains a little valve on the top which is closed during transport from 

the glove box to the insert. When the sample holder is mounted and the 

cryostat is filled with liquid helium the first time, the valve is 

opened by means of a rod from the top of the insert. The rotating part 

of the valve then comes down and seizes the top sample clamp. In this 

way a direct mechanical contact is made, so that we can easily control 

the degree of torsional deformation. 

A heater wire wound around the vacuum can of the sample holder per

mits controlled annealing above 4.2 K. Our cryostat is connected to a 

booster pump which enables us to achieve temperatures slightly below 0.9 

K. The temperature measurement system consists of two Mensor quartz 

manometers measuring the He vapour pressure above the bath level. In

dependently, the temperature is measured by a germanium resistor (Cryo-

cal) which has been calibrated in the factory. We recalibrated it below 

1 .8 К against ^He vapour pressure and found differences up to 5 mK in 

the range (>1.5 K) where both calibrations overlap. Details are given 

more extensively in Ribot et al. (1979). We consider the temperature 

accurate to within 1 mK. 

The resistivity measuring system is built up from a copper alloy 

reference resistor and a superconducting galvanometer, which are part of 

a superconducting loop together with the sample, and a semi-automatic 

current comparator. The system is completely described by Van Kempen et 

al. (1979). We attain measuring precisions of a few ppm on our very low 
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Fig. 1: Sample holder. 1: vod fov opening valve 5 and rotating top 

of sample, 2: виврепаіоп, 3: eupevaonduating galvanometer, 4: refer

ence reeietor, 5: valve with Kel-F sealing ring; when aompletely 

opened it ie released from the thread in 2 and clioke gently into 

the hexagonal nut fixed in the top contact block, 6: top and bottom 

contact blocks, 7: copper vacuum can, 8: sample, 9: heater wire. 
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Fig. 2: Two neighbouving planes in a simple cubia lattice rotated 

slightly with respect to each other. A regular pattern of screw 

dislocations is visible. (From Chalmers 1959). 

resistance samples· 

Deformation by twisting 

Deformation of the sample takes place at аз low a temperature as pos

sible, since we have evidence of annealing even below 4.2 K. Annealing 

of К samples at such low Τ has already been reported by Gurney and Gugan 

(1971a). Ideally, torsional deformation will produce networks of equal

ly spaced screw dislocations in two perpendicular directions (fig. 2). 

In reality the sample axis is not parallel to a symmetry direction of 

the crystal structure. Also, there are already dislocations, impurities, 

etc. present with which the dislocations interact. Therefore the de

formed crystal will contain a very irregular dislocation structure. In 

the simplest model, the relationship between the dislocation density ПА 

and the deformation angle φ is given by Kulesko and Borzenko (1980): 
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where L із the sample length, and Ъ із the Burgers vector associated 

with the dislocations, usually equal to the lattice parameter. It is 

straightforward to derive this formula for a general cubic lattice 

starting from fig. 2. Initially we assumed that in the real situation 

of a sample with a very irregular dislocation structure, eq. (1 ) would 

stay valid with the exception of a multiplicative correction of order 

unity. 

For the relation between n. and p
d
 a value was determined by Basinski 

et al. (1963) which is close (within a factor of 2) to the value calcu

lated by Brown (ТЭТ?): 

p
d
 = 4*10"

19
 n

d
 Cfcm (2) 

We have investigated the change in p. as a function of torsion angle 

for a number of specimens at 1.2 or 4.2 K. Besides 3 mm К samples, we 

used two 3 mm, 99.995$ purity In samples and a 99-9999$ purity 3 mm Al 

sample. For all samples, we found an angle dependence faster than 

linear, which could be very well described by adding only a quadratic 

term to the fit function. The most probable interpretation is that the 

extra resistance is due to defects that are formed when dislocations 

cross each other when climbing during deformation. These defects start 

as 'jogs' when the dislocations are still close, and develop into long 

vacancy pipes, which can be regarded as two edge dislocations facing 

each other. Since at large n^ the probability of two dislocations 

crossing is proportional to n%, these vacancy pipes may solve the prob

lem. The results of our annealing experiments point in the same direc

tion (see below). 

Fig. 3 shows the increment of pj as a function of torsion angle per 

meter in such a way that the resistivities before twisting have been 

subtracted and the linear terms are normalised to one. Although the ab

solute pj increments are widely different, the relative magnitudes of 

the quadratic terms are seen to be all of the same order. This supports 

the idea of a mechanism directly related to dislocation interactions. 

We can express the form of рЛф) as follows: 
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TORSION ANGLE (rad-m ) 

Fig. 3: Increment of p¿ ав a funetion of torsion angle φ per meter 

for two indium eamplee (full and open airolee), one potaeeium sample 

(full triangles) and an aluminium sample (open squares). The data 

are well described by a parabolic function. The curoes have been 

normalised by subtracting the value of p0 before deformation and 

putting the first derivative at φ = 0 to 1. The broken curve 

represents the linear term. 

p
o ^ ^

 = p
oo

 + 0
1

φ + ^2^ ^ 

An obvious identification of с̂  аз the result of combining eq. (1) and 

(2), i.e. Cj = 8x10" -VbL Qn/rad fails since the calculated value is a 

factor of 10 (Al) to 30 (K) lower than the measured value. The origin of 

this discrepancy is easily understood if we rewrite (3) as follows: 
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p
o
 = ρ

ΐ
 + с

2
( ф + ф

о
) 2 

ι 

where р̂  із close but not equal to the residual resistivity caused by 

impurities only, and φ = с./гср. In our annealed К and In samples, p. 

is found to be about 2/3 of pj . This implies that there is in principle 

a region (close to p^) where the linear component in (3), c
1
 φ = 2θ2Φ

0
Φ 

has the low value calculated from (l). In samples with realistic lattice 

defect densities at the start of deformation, this defect density is al

ready such that the majority of new formed defects are 'secondary', i.e. 

originated from interactions of climbing dislocations with other defects 

(not necessarily only dislocations). Therefore, we do not expect screw 

dislocations to form the largest part of the produced defects. Moreover, 

there is strong evidence that the residual resistivity from screw dislo

cations is much smaller than that of edge dislocations (Kulesko and 

Borzenko 1980), so that there must be stronger scatterers present. The 

vacancy pipes produced by dislocations crossing through each other 

(Priedel 1964) can be regarded as pairs of facing edge dislocations, 

which are likely to be responsible for the strong scattering because of 

the larger missing positively charged background volume. 

In the following, we shall use the values obtained from (2) for n^, 

since this approach appears to be the most realistic in this situation. 

Results 

The sample characteristics are given in Table 1. We usually measured 

ρ(τ) at about 12 temperatures between 0.9 and 2.1 K. Assuming that the 

temperature dependence of ρ is well known, this number is sufficient for 

a determination of the coefficients P
0
, A

 e
 and В to within 5%» In a 

few cases, data between 2.1 and 4 К were also taken. These show convinc

ingly that the exponential form of Pg,,, persists in our most deformed 

samples. All data were thus successfully fitted to: 

p(T) - P
0
 + A

e
_

e
T

2
 + ВТе-

 / Т
 (4) 

An optimum Θ of 18.9 К was found for sample K7 and used for all other 
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Table 1 : Sample history and measured coefficients 

SAMPLE STATE p
0
 (pQni) A (fanK

-2
) В (pûmK" 

K4 1 

2 

K5 1 

2 

3 

К7 1 

2 

3 

4 

5 

6 

7 

θ 

9 

10 

11 

12 

13 

К8 1 

2 

3 

4 

К12 1 

2 

3 

4 

5 

б 

annealed at R.T. 3 days in He 

defomed 180° 

annealed at R.T. 3 days in He 

deformed 360° 

annealed at R.T. 3 weeks in vac. 

annealed at R.T. 3 days in He 

deformed 360° clockwise 

deformed 360° counterclockw. 

annealed at 18 К for 10 min. 

annealed at 78 К for 6 hours 

annealed at R.T. 30 hours in vac. 

defomed 180° 

deformed 360° 

defomed 540° 

annealed at R.T. 4 days in vac. 

defomed 10x360° 

defomed 30 χ 360° 

defomed 60 x 360° 

annealed at R.T. 1 day in He 

defomed 2 χ 360° 

defomed 4 x 360° 

defomed 8 χ 360° 

annealed at R.T. 1 day in He 

defomed 5 » 360° 

defomed 6 χ 360° 

annealed at 6 К for 10 min. 

annealed at 20 К for 20 min. 

annealed at 110 К for 20 min. 

27.63 

28.59 

14.38 

15.63 

14.82 

15.63 

16.96 

18.24 

17.54 

16.17 

13.18 

13.91 

14.81 

15.75 

15.76 

28.17 

36.55 

40.58 

18.31 

21.72 

24.12 

28.66 

146.3 

158.7 

170.9 

165.3 

163.0 

150.8 

3.1 ±0.3 

3.610.3 

2.7+0.1 

3.6+0.1 

2.6+0.1 

2.6+0.1 

3.8+0.1 

4.2+0.1 

3.6+0.1 

3.110.1 

2.78+0.1 

3.35±0.1 

3.75±0.1 

4.15±0.1 

3.0 ±0.3 

6.0 +0.3 

7.2 ±0.3 

8.09±0.05 

2.9±0.2 

4.210.5 

5.110.4 

5 . 4 Ю . 2 

4.8+0.2 

7 . 5 Ю . З 

8.4Ю.5 

8.1±0.2 

7.7±0.3 

4.8+0.3 

-
-

43+2 

53±2 

45 ±2 

46 ±2 

53±2 

56±2 

53+2 

51+2 

48+2 

54±2 

57 ±2 

60±2 

53±2 

73±2 

80+2 

7 8 . 0 Ю . 5 

52 ±3 

84 ±10 

60 ±3 

68 ±3 

65+5 

82±10 

110+20 

77 ±5 

81+5 

111+20 



fits. The reason for using the same Θ for all samples is that θ has a 

large influence on the magnitude of B. Moreover, Θ is expected on physi

cal grounds to Ъе a sample independent constant. The fitted coeffi

cients are also in Table 1. 

Discussion 

The prime goal of the present experiment is to test the hypothesis 

that dislocations are the main source of the sample dependence of the 

electron-electron scattering contribution to the resistivity of potassi

um that has been noticed in previous experiments (Van Kempen et al. 

1981, Pratt et al. 1981, Rowlands et al. 1978). Differences in А
е
_ oc

curring in the same sample upon subsequent cool cycles, showing the same 

trend as the residual resistivities, lead Kaveh and Wiser (1980, 1982) 

to investigate theoretically the influence of dislocations (presumably 

the only entity of which the density varied) on electron-electron 

scattering. The important starting point in their treatment is the ob

servation that the scattering time of electrons on dislocations has an 

important anisotropy in momentum apace. Therefore, the isotropic relaxa

tion time approximation, under which the Boltzmarm transport equation is 

usually solved, is no longer valid: т(к) is different for e-d scattering 

on one side, and e-imp and e-e scattering on the other side. In contrast 

to the situation in the complete absence of anisotropic scatterers, 

where the normal contribution to the e-e scattering probability is dom

inant but does not contribute to the resistivity because of momentum 

conservation (Lawrence and Wilkins 1973), the effectivity of these nor

mal processes for the resistivity is very large when a substantial part 

of scattering is anisotropic. This can be seen from the following factor 

which appears in the resistivity expression (Ziman I960): 

{ЩЫІ^) +4$2)xtt2) - ЩЫЦ) - $(if
4
)T(i?

4
)}

2 

where electrons are scattered from states 1 and 2 to states 3 and 4. 

This factor is easily seen to give 0 when all τ' s are equal since 

v(lc) ̂  к on a spherical surface, and momentum is conserved. 
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Making a simple assumption on the shape of t(k) for dislocation 

scattering, with one free parameter for the degree of anisotropy, Kaveh 

and Wiser (1982) derive the following formula for A
e
_

e
: 

Α
β-β - *o

 +
 *i ̂ r p j )

 ( 5 ) 

A is the umklapp contribution to A , which is an order of magnitude 

smaller than the А _
е
'з that are usually observed. p̂ ^ and p^ stand for 

the residual resistivity contributions from isotropic and anisotropic 

scatterers, respectively. In the simplest picture, impurities, vacancies 

and self-interstitials belong to the first category, and all extended 

lattice imperfections to the second. This is not essential; in general, 

scatterers have both an isotropic and an anisotropic component. A. is 

related to the normal-to-umklapp scattering ratio (as calculated by 

Lawrence and Wilkins 1973 and by MacDonald et al. 1981) and to the free 

parameter in the scattering anisotropy. 

The free parameter, and hence A. , has been fitted by Kaveh and Wiser 

to match the data available from the experiments of Van Kempen et al. 

(19Э1), Rowlands et al. (1973) and Levy et al. (1979). In this process 

assumptions on the division of p
0
 into p^ and p¿ had to be made: p^ was 

assumed to be constant for all samples of one author. In this way, an 

optimum value A« " З ^ ^ Ю " ^ЭтК" was deduced. 

A convenient way to check eq. (5) for samples in which only pj varies 

is to graph P
0
 /A as a function of p

0
. Data of such a sample are on a 

straight line which cuts the ρ -axis at pj. The slope represents /A.· . 

Fig. 4 is such a plot of data from various experiments. For all data, 

A - 0 has been assumed. The data of Van Kempen et al. (19Э1) (without 

sample За) are drawn аз open triangles. The assumption of a common p^ 

permits Van Kempen et al. to draw a straight line (chain line in fig. 4) 

through the data, which is indeed possible. The slope of this line is 

consistent with A. found by Kaveh and Wiser. 

The first experiment intended to test eq. (5) systematically was car

ried out by Levy et al. (1979). They changed p̂ ^ of а К sample (and of a 

Na sample) in stages and assumed that PJ was constant upon each cool 
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fog·
 4 : . Ро^ а в а function of р0 for samplee of Levy et al. (1979): 

open squares. Van Kempen et al. (1981): open triangles, Haerle et 

al. (1983) sample Kh8: full triangles, and for our samples: Φ (K4), 

» (KS), О (K7) and full oirales (K8). The numbers refer to those in 

table I. The meaning of all aurves is explained in the text. 

down. These data are drawn in fig. 4 аз open squares. The data are on 

approximately the same height, which represents p
d
/A

1
 in this graph. 

This confirms the assumption that p
d
 was nearly constant, but demon

strates at the same time that any particular choice of p
d
 would be con

sistent with the data. Moreover, the value of A
1
 depends strongly on 

this p
d
. We therefore regard this experiment as non-conclusive concern

ing the value of A.. 

The other way to check (5) systematically was chosen by Haerle et al. 

(1983) and by us: samples are deformed in stages while p. is kept con-

133 



stant. Data from our samples K4-, K5, K7 and K8 are drawn as various 

kinds of circles in fig. 4. Data found by Haerle et al. if they inter

pret their curves in the same way as we do (see below) are shown as full 

triangles. Sets of these points which correspond to different deforma

tion stages after the same cool down are on straight lines with slopes 

corresponding to an A
1
 of 20 ± 3*10 'QnK

-
. This value is almost an 

order of magnitude higher than the one deduced by Kaveh and Wiser. 

Moreover, it is essentially a low limit for A< since defects formed 

under deformation may not be purely anisotropic scatterers; we estimate 

the maximum correction that might be necessary for this reason as anoth

er factor of 2 in A.. 

Fig. 4 shows that all data from annealed samples are close to a 

straight line through the origin (broken line). This suggests that in 

annealed high purity samples, PJ is an approximately fixed portion of 

ρ . Therefore, we think that an important part of the differences in ρ 

from cool cycle to cool cycle is due to self-interstitiels, vacancies 

and possibly vacancy aggregates, which are all expected to show a con

siderable scattering anisotropy (see below). Also, Rb and Na impurities 

in К samples were found by Llewellyn et al. (I977a) to exhibit an impor

tant scattering anisotropy. The deliberately contaminated samples of 

Levy et al. (1979) fall below the broken line apparently since the im

purities they introduced are much more isotropic scatterers than the de

fects mentioned above. With our value of A. , the share PA/P0 in an

nealed samples becomes close to 4056. It is interesting to compare this 

result to the conclusions of the section on р
0
(ф). 

Our data from the most deformed stages of sample K7 are found to bend 

towards a line with a smaller slope. This is presumably caused by the 

small distance between defects at such high densities, which will in

crease the isotropic component of the relaxation time. 

In fig. 5, we show the results of our dilute alloy sample K12 and the 

dilute alloy KRb of Haerle et al. in the same way as in fig. 4. The 
о 

Τ -terms caused by inelastic impurity scattering have been subtracted 

according to the values measured by Lee et al. (19Θ0). The continuous 

curve represents the A« found from our pure samples, the chain curve is 

the same as in fig. 4. The dilute alloy data appear to indicate an even 
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f-¿g. 5: The same αβ fig. 4, but expanded to show the dilute alloy 

data of Haevle et al. (1983): full trianglee, and ours: open air

óles. The full oivales represent our sample K8. The continuous 

line has the slope found for the high purity samples and is drawn 

here for comparison. 

much larger A< . On the other hand, the absolute increments of A are 

globally of the same magnitude as those at similar incrementa of pj in 

the pure samples. This fact is in contradiction with eq. (5) and 

demands an other interpretation. 

We annealed samples K7 and K12 in stages after deformation. Annealing 

at temperatures far below 100 К is expected to remove primarily point 

defects (Gurney and Gugan 1971a). This would mean a decrease of p
i 

resulting in an increase in A . On the contrary, we saw A decreas

ing: the data move back approximately along the same curves in figs. 4 
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and 5 аз along which they went during deformation. At 18 K, about 20$ of 

the defects disappeared; at 78 K, about another 50% of them. In the di

lute alloy, at б К already 15$ disappeared, at 20 К another 10$ and at 

110 К (where recrystallisation should take place and dislocations move 

freely) in total 95$ recovery was reached. These findings suggest that 

at low temperatures many largely anisotropic scatterers anneal out. If 

these are all point defects or other small defects (divacancies etc.), 

they have a considerable scattering amsotropy. This point is not very 

surprising, since potassium is known to be very anisotropic in mechani

cal respect (see e.g. Llewellyn et al. 1977b) and self-interstitiels 

have been found by a computer simulation to form [ill] split intersti-

tials instead of occupying a symmetric place in the lattice (Van Vucht, 

unpublished). Most of the defects annealing out at or below 20 К will 

however be the vacancy pipes we mentioned above. Their role at these 

temperatures has already been proposed by Gurney and Gugan (1971b). The 

important portion of annealing of anisotropic scatterers that we find 

around 20 К agrees then with the idea that many of the defects produced 

in twisting are of this type. 

Recently, the transport group at Michigan State University has re

ported a number of very low temperature measurements of р(т) of simple 

metals. At those temperatures (0.03 - 1 K) only the residual resistivity 
2 

and the Τ term from P
e
_

e
 are expected to be found. Nevertheless, they 

find a largely anomalous behaviour below 0.5 К in potassium (Pratt et 

al. 1981, Lee et al. 1982, Чаегіе et al. 1983), in Li and Rb (Yu et al. 

1983) and in Ag (Schroeder et al. 1981). In potassium samples, the mag

nitude of this anomaly is strongly dependent on the degree of deforma

tion (Haerle et al. 1983). The data for severely deformed samples have 

2 ^ 
been fitted to the sum of P

e
_

e
*T , a Τ term representing ρ in the 

Bloch limit, and a term proposed by Gantmakher and Kulesko (1975) for 

inelastic electron-vibrating dislocation scattering. This term has a 

high temperature tail » Τ which extends to the temperatures where we 

determine A . This questions the interpretation of the enhanced ρ(Τ) 

between 1 and 1 .8 К as due solely to an increase m A . However, for 

our data we could not obtain a better fit with Haerle'a terms than with 

ours. A meaningful comparison is seriously handicapped by our lack of 
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data below 1 К and theirs above 1.5 K, where the electron-phonon term 

becomes really important. Also, the low temperature anomaly appears to 

be influenced by more factors besides dislocation density. An other 

difficult point is, that the vibration energies that emerge in Haerle's 

fits to the formula of Gantmakher and Kulesko are three orders of magni

tude lower than those found by the latter authors in Cu and Mb. There

fore, the question whether all of the observed increase in р(т) is to be 

ascribed to A » , and В remains essentially open until independent exper

iments, covering a larger temperature range, have been carried out. 

The electron-phonon term 

Pig. 6 shows the coefficient of the electron-phonon scattering term, 

B, as a function of p
d
. The latter is found from fig. 4 as described 

above. We emphasise that even in our most heavily deformed sample the 

behaviour of ρ was in precise agreement with the exponential term in 
e-p 

(4). This contradicts theories that predict the reappearance of the 

Bloch Τ'-term because of phonon drag being quenched by phonon-

dislocation scattering (Damno et al. 1981). We attempted to improve 

the fit of our data to (4) by adding a Τ term, but without success. 

The trend shown in fig. 6 demonstrates that dislocations play a major 

role in increasing Р
е
__· It can be compared to two recent theories that 

attempt to explain this subject. The first is the quenching of phonon 

drag by phonon-dislocation scattering (Damno et al. 1981). It was 

shown by Gugan (1982) that the dislocation densities needed for this 

10 -? 
mechanism are much higher than the maximum of 1 xlO cm that we attain. 

The second 13 caused by electron-dislocation scattering (Damno et al. 

1982, 1983) via the amsotropy of the electron-dislocation function 

which influences the electron-phonon scattering probability. This 

mechanism sets in at much lower dislocation densities, being of the same 

origin as the enhanced electron-electron scattering intensity. In fact, 

one should combine both mechanisms. The curve which one finds then (fig. 

6 in Damno et al. 1983) is translated into the continuous curve in fig. 

6 under the assumption that for an unstrained sample В = 45 ftnK . The 

Basmski result (2) is used to calculate n,. In view of the uncertain-
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Pig· 6: The coeffioient В of the eleatvon-phonon term ae a funation 

of p¿ deduced from fig. 4, for our ватріев. Symbols are as in fig. 

4. The dislocation density has been calculated via the dislocation 

resistivity value given by Basinski et al. (1963). The curve 

represents the combination of two phonon drag quenching mechanisms 

(Donino et al. 1983). 

ties in n
d
 and B

u n 3
 , the agreement is remarkably good. Note that we 

have assumed that p|*p/p™p
t r
 is independent of temperature between 1.8 

and 4 K. We find this to be the case. 
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Conclusions 

Under the assumption that no other temperature dependent terms are 

present above 0.9 K, we have shown that deformation of potassium samples 

leads to enhancements in the electron-electron and electron-phonon 

resistivities which can he explained qualitatively by recent theories 

based on anisotropic scattering by the induced defects. The effect on 

ρ is much larger than predicted from an analysis of previous data. 

Anisotropic scattering is not only due to dislocations, but in the case 

of torsional deformation also for a great deal to vacancy pipes, and 

probably to a lesser extent to self-interstitials and impurities. Even 

in annealed samples, pj is of the order of 4-0% of ρ . The picture may 

change quantitatively with respect to Α.. if the low temperature anomaly 

reported by Haerle et al. is proved to influence the data above 1 K. 

We thank prof. P.A. Schroeder for many useful discussions. Part of 

this work has been supported by the Stichting voor Fundamenteel Onder

zoek der Materie (FOM) with financial support from the Nederlandse Or

ganisatie voor Zuiver Wetenschappelijk Onderzoek (ZWO). 
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Summary: 

An important part of this thesis consists of a review paper which is 

intended to summarise the most recent experimental and theoretical 

developments in the field of simple transport properties of simple me

tals. As simple transport properties we consider low frequency or DC, 

electrical and thermal resistivity at low temperatures. In simple metals 

the electrons behave nearly like in a free electron gas, with relatively 

small disturbations caused by the interaction with the cores. The most

ly used examples are potassium and aluminium. By considering only rea

sonably pure samples with not too small dimensions, we delimit a region 

where we can study fundamental aspects of transport properties by a 

suitable interaction between theory and experiment. From the tempera

ture dependence of the electrical and thermal resistivity, as well as 

from the changes which it undergoes by the influence of impurities and 

lattice defects, we can obtain a wealth of information on the various 

scattering processes in which electrons and phonons in a metal partici

pate. 

In the review paper we demonstrate that during the past 15 years the 

insight in these scattering processes has come close to completeness: 

the electron-electron scattering term has been found experimentally, the 

suppression of 'normal' electron-phonon scattering in the alkali metals 

by phonon drag has been proved, quantitative discrepancies between 

predicted and measured magnitudes of these terms have been resolved, and 

in general, many deviations from Matthiessen's rule have not only been 

found but are also explained. The mutual influence of various scatter

ing processes appears to be largely responsible for the latter effects 

via the different momentum dependence of their relaxation times. Only 

far below 1 K, still really unexplained phenomena occur. An important 

influence of the phonon thermal conductivity on the total thermal con

ductivity, especially in impure metals or in high magnetic fields, has 

become recognised. In potassium it appears to be much larger than was 

assumed previously. The linear magnetoresistance, ascribed originally 

mostly to intrinsic properties of metals, has been proved to be caused 
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mainly Ъу the sample geometry. In the last chapter of the review paper 

we give a brief account of the arguments in favour of and against the 

presence of a charge density wave ground state in the alkali metals. 

We have performed two experiments which fit into these developments: 

We measured the lattice thermal conductivity λ
δ
 by the Corbino 

method. In this method, the special geometry enables us to suppress the 

electronic thermal conductivity very efficiently by means of a high mag

netic field. The results are unambiguous, contrary to previous experi

ments, and confirm those of Stinson and Fletcher. They demonstrate that 

there is a group of phonons in potassium which are much less scattered 

by the electrons than was traditionally assumed. This enhances λ
8
 and 

gives it a different temperature dependence compared to e.g. aluminium. 

The results also show that the alloying method does not give results 

which can be identified with the lattice thermal conductivity of pure 

potassium. 

We measured the influence of dislocations on the electron-electron 

scattering terra in the electrical resistivity of potassium by determin

ing very precisely ( to a few ppm) the resistivity of samples that had 

been deformed below 4 K. The results can be explained qualitatively by a 

recent theory of Kaveh and Wiser; however, these authors appear to 

largely underestimate the anisotropy of electron-dislocation scattering. 

A similar effect on electron-phonon scattering was also found, which is 

related to partial phonon drag quenching by the electrons that are scat

tered anisotropically. 
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Samenvatting 

Een telangrijk deel van dit proefschrift wordt gevormd door een over

zichtsartikel dat beoogt een samenvatting te geven van de meest recente 

experimentele en theoretische ontwikkelingen op het gebied van de een

voudige tranaporteigenschappen van eenvoudige metalen. Onder eenvoudige 

transporteigenschappen verstaan we laagfrekwente of DC electrische en 

wamtegeleiding bij lage temperaturen. In eenvoudige metalen gedragen 

de electronen zich bijna als een vrij electronengas, met relatief ge

ringe verstoringen t.g.v. de interactie met de achtergrond van atoomker

nen en sterk gebonden electronen. De meest gebruikte voorbeelden zijn 

kalium en aluminium. Beschouwen we dan ook nog alleen tamelijk tot zeer 

zuivere samples met niet te kleine afmetingen, dan is een gebied af

gebakend waarin zeer fundamentele aspecten van transporteigenschappen 

door interactie van theorie en experiment zinvol kunnen worden bestu

deerd. Uit de temperatuurafhankelijkheid van de electrische en ther

mische weerstand, evenals uit de veranderingen die deze ondergaat als 

functie van de concentratie van onzuiverheden of roosterfouten, kunnen 

we een rijkdom aan informatie verkrijgen over de verschillende ver

strooiingsprocessen die electronen en fononen in een metaal ondergaan. 

In het overzichtsartikel komt naar voren dat gedurende de laatste 15 

jaar van deze verstrooiingstermen een afgerond beeld is ontstaan: de 

electron-electronverstrooiingsterm is experimenteel gevonden, de onder

drukking van de 'normale' electron-fononverstrooiing door phonon drag is 

aangetoond in de alkalimetalen, kwantitatieve discrepanties tussen de 

voorspelde en gemeten waarden van deze termen zijn grotendeels opgelost, 

en in het algemeen zijn veel afwijkingen van Matthiessen's regel niet 

alleen gevonden maar ook verklaard. Voor dit laatste blijkt de weder

zijdse beïnvloeding van verstrooiingsprocessen via de verschillende 

momentafhankelijkheid van de bijbehorende relaxatietijden grotendeels 

verantwoordelijk te zijn. Alleen ver beneden 1 К doen zich nog echt on

verklaarbare verschijnselen voor. Een belangrijke invloed van de 

fononenwarmtegeleiding op de totale wamtegeleiding, vooral in onzuivere 

metalen of metalen in hoge magneetvelden, is aangetoond, en in kalium is 
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deze grootheid aanzienlijk groter gebleken dan werd gedacht. De lineaire 

magnetoweerstand, die oorspronkelijk vooral aan intrinsieke eigenschap

pen van de metalen werd geweten, blijkt vooral door de geometrie van de 

samples te worden veroorzaakt. In het laatste hoofdstuk van het over

zichtsartikel worden de argumenten voor en tegen de aanwezigheid van een 

grondtoestand gekenmerkt door ladingsdichtheidsgolven in de alkalime-

talen kort behandeld. 

Twee door ons uitgevoerde experimenten hebben een aandeel gehad in 

het completeren van dit beeld: 

De roosterwarmtegeleiding λ* van kalium is gemeten volgens de Corbi-

nomethode. De speciale geometrie van deze methode stelt ons in staat om 

de warmtegeleiding door electronen zeer efficient te onderdrukken met 

een hoog magneetveld. De resultaten zijn, in tegenstelling tot bij 

vorige experimenten, eenduidig en bevestigen die van Stinson en Flet

cher. Zij tonen aan dat de fonon-electronverstrooiing van een kleine 

groep fononen veel kleiner is dan werd aangenomen, wat λ
8
 een grotere 

waarde en andere temperatuurafhankelijkheid geeft dan bijv. in alumini

um. Onze resultaten tonen ook aan dat de resultaten die via de leger

ingsmethode verkregen worden in het geval van kalium niet met de roos

terwarmtegeleiding van zuiver kalium geïdentificeerd mogen worden. 

De invloed van dislocaties op de electron-electronverstrooiingsterm 

van de electrische weerstand van kalium is gemeten door bij lage tem

peraturen de weerstand van beneden 4 К vervormde samples zeer nauwkeurig 

(enkele ppm) te bepalen. De resultaten kunnen kwalitatief verklaard wor

den op grond van een recente theorie van Kaveh en Wiser; duidelijk 

blijkt echter dat zij de anisotropie van electron-dislocatieverstrooiing 

onderschat hebben. Ook de electron-fononterm wordt hierdoor beïnvloed: 

de phonon drag blijkt drastisch te verminderen door de anisotropie van 

de eleetron-dislocatieverstrooiing. 
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STELLINGEN 

I 

De resultaten die transversale electronenfocussering enerzijds 

en sizeeffectmetingen anderzijds opleveren aangaande de specu-

lariteitsparameter van metaaloppervlakken kunnen niet direct 

vergeleken worden vanwege de totaal verschillende invalshoeken 

van de electronen die in deze technieken domineren. 

II 

Het gebruik van op piëzoelectrische materialen berustende micro

scopische verplaatsingstechnieken kan zeer grote voordelen 

bieden bij puntcontactspectroscopie en transversale-electronen-

focusseringsexperimenten. 

III 

Het spectrum van excitaties die ontstaan wanneer electronen veel

vuldig Andreev-reflecties ondergaan aan twee parallelle super-

geleidend-normaalovergangen waartussen zij bewegen ligt in het 

ver-infrarood als de afstand tussen deze overgangen in de orde 

van tientallen microns is en kan dan in principe door absorptie 

van ver-infrarode straling worden waargenomen. 

IV 

Berekeningen aan systemen waarbij uitgegaan wordt van een hogere 

symmetrie dan die systemen noodzakelijk hebben kunnen geen 

resultaten opleveren met lagere symmetrie. Daardoor kan een op

lossing met lagere energie doch ook lagere symmetrie, zoals in 

het geval van vaste stoffen een ladings- of spindichtheidsgolf, 

verborgen blijven. 



ν 

Voor de waargenomen preparaatafhankelijkheid van de fononen-

warmtegeleiding van kalium bij lage temperaturen kunnen dis

locaties niet geheel verantwoordelijk zijn. Een aanzienlijk 

grotere invloed is te verwachten van kristallietgrenzen. 

(M.R. SHnson, R. Fleteher en CR. Leavens, Phys. Rev. В 20, 

3970 (1979); dit proefschrift) 

VI 

In een transversaal-electronenfocusseringsexperiment is de 

verrassend grote invloed van een DC stroomcomponent door de 

emitter op de grootte en plaats van het focusseringssignaal 

een gevolg van het eigen magneetveld van deze stroomcomponent. 

VII 

De waargenomen weerstandsbijdrage in kalium die kwadratisch is 

in de temperatuur en waarvan de grootte evenredig is met de 

concentratie van rubidiumatomen kan voor een deel het gevolg 

zijn van een vergroting van de electron-electroninteractie 

door anisotrope scattering van electronen aan de onzuiverheden. 

(C. W. Lee, W.P. Pratt Jr., J.A. Rowlands en P.A. Sohroeder, 

Phys. Rev. Lett. 45, 1708 (19801) 

Vili 

De onduidelijkheid wat betreft de toestand van een GaAs-оррег-

vlak na een laser-uitgloeipuls kan verhelderd worden door een 

vacuum-tunnelingmicroscopisch onderzoek. 

(Г. de Jong, Wang Z.L. en F.W. Saris, Phys. Lett. 90A, 147 (1982)) 



IX 

De intensiteitsverhouding van de fundamentele en overtoon-

vibratieaanslag gemeten met behulp van het niet-resonant 

Ramane£feet voor een tveeatomig molecuul bedraagt ongeveer 

een factor 1000. 

(R.M. Berne en P.E.S. Womer, Mol. Phys. 44, 1216 (1981); 

S.R. Langhoff en C.W. BausahHcher Jr., J. Chem. Phys. 78, 

5287 (1983)) 

X 

De verplichting om een procent van de stichtingskosten van 

overheidsgebouwen te besteden aan kunst dreigt te leiden tot 

inflatie van het begrip 'kunst'. 

XI 

De toepassing van steeds meer en intelligentere verkeerslicht

installaties op kruispunten wekt bij verkeersdeelnemers ten 

onrechte de indruk dat alle gevaarlijke situaties door deze 

regelingen worden voorkomen, verkleint zo hun waakzaamheid en 

vergroot dus de kans op gevaarlijke situaties. 

XII 

De benaming 'eenvoudig' voor metalen weerspiegelt niet de 

ervaringen maar de hoopvolle verwachting van de onderzoekers. 

II april 1984 R.J.M, van Vucht 












